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SECTION  1 


INTRODUCTION 

Review  of  ADAM  -  Purpose  and  Approach 

The  Advanced  Dynamic  Anthropomorphic  Manikin  (ADAM)  was  developed  in  response  to  the 
Crew  Escape  Technologies  (CREST)  program  requirements  for  a  human  analog  demonstrating 
realistic  dynamic  response  to  seat  accelerations  and  windblast  forces  experienced  in  an  advanced 
ejection  system.1 2  3,4  The  fundamental  advances  incorporated  into  the  ADAM  design  include 
realistic  articulation  of  a  number  of  joints  as  well  as  dynamic  axial  and  flexion  response  for  the 
thoracolumbar  spine.  These  changes  allow  the  new  manikin  to  respond  dynamically  to  the  total 
force  environment  experienced  by  the  ejected  seat/man  combination.  This  response  is  of 
particular  interest  in  ejection  systems  since  the  occupant  represents  a  significant  fraction  of  the 
total  ejected  weight,  implying  that  motions  of  the  occupant  center  of  gravity  (CG)  and  alterations 
in  aerodynamic  characteristics  can  have  substantial  effects  on  the  trajectory  and  performance  of 
the  overall  system.  The  opportunity  exists  to  use  data  from  the  ADAM,  in  conjunction  with 
possible  additional  data  from  added  instrumentation,  to  simultaneously  assess  the  likelihood  of 
injury  for  the  occupant  of  such  an  ejection  system.  The  opportunity  was  used  under  this  contract 
to  define  a  general  approach  for  human  impact  injury  criteria.  To  place  in  context  the  potential 
for  using  ADAM  for  injury  probability  assessment,  it  is  necessary  first  to  briefly  review  some 
aspects  of  injury  probability  assessment  and  the  nature  of  injury  criteria. 

Assessment  of  Injury  Probability 

The  potential  for  injury  as  a  result  of  whole  body  acceleration  or  force  application  was  initially 
assessed  by  early  researchers  using  data  from  human  volunteer  exposures  or  reconstruction  of 
human  accidents.  An  extensive  body  of  data  currently  exists,  including  many  series  of  tests  in 
which  restrained  human  volunteers  are  exposed  to  whole  body  impacts  from  various  directions. 
While  these  exposures  commonly  define  a  tolerable  range  of  conditions,  misadventures  in  these 
programs  have  occasionally  provided  data  on  injury-producing  circumstances.5  Human  cadavers 
and  animal  test  subjects  have  been  used  more  commonly  as  subjects  for  tests  in  intentionally 
injury-producing  regimes.  Tissue  specimens  from  human  cadavers  or  from  animals  have  also 
been  used  to  define  strength  and  yield  points  for  individual  structures. 

From  the  various  available  test  data,  mathematical  models  have  been  constructed  of  the  dynamic 
response  of  human  beings  to  impact  and  force  environments.  Sometimes  these  models  have  been 
simple  empirical  models  or  lumped  parameter  models  using  a  restricted  number  of  mechanical 
linkages  with  masses,  spring  constants,  and  damping  characteristics  adjusted  to  allow  the  model 
to  respond  in  a  way  that  approximately  mimics  human  or  cadaver  response  to  defined  impacts. 
Other  models  have  attempted  to  more  faithfully  duplicate  human  bony  articulations,  necessitating 
large  multibody  models  with  many  degrees  of  freedom.  The  physical  constants  for  such  models 
have  been  based  to  some  degree  on  experimental  tissue  properties,  but  the  overall  model 
parameters  are  typically  adjusted  to  allow  the  response  of  the  model  system  to  be  comparable 
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to  human  or  cadaver  response  to  defined  impacts.  Unfortunately,  the  many  degrees  of  freedom 
of  such  models  typically  have  not  allowed  validation  of  the  model’s  assessment  of  load  and 
injury  likelihood  at  individual  points  within  the  model  structure.  Finite  element  modelling  has 
been  employed  to  estimate  internal  stresses  and  strains  for  body  tissue  such  as  the  skull  and 
brain. 

Mathematical  models  may  be  descriptive  or  predictive.  Descriptive  models  may  assist  in 
understanding  the  observed  behavior  of  a  system.  Predictive  models  describe  the  behavior  of 
a  system  in  regimes  that  have  not  been  observed.  This  is  relatively  easy  when  the  regime  lies 
between  two  regions  in  which  the  behavior  has  been  observed.  Conversely,  it  is  relatively 
difficult  to  extrapolate  beyond  observed  regions,  particularly  when  nonlinearities  (injuries)  come 
into  play. 

While  mathematical  models  have  been  useful  for  assessing  well  defined,  simple  input  functions, 
the  complex  nature  of  the  physical  and  aerodynamic  force  environments  in  situations  of  interest 
have  been  more  difficult  to  fully  describe  and  evaluate.  Therefore,  the  various  mathematical 
models  of  human  or  cadaver  response  have  often  been  used  as  bases  for  the  construction  of 
anthropomorphic  test  devices  (ATDs)  that  can  subsequently  be  exposed  to  the  environment  of 
interest.  Unfortunately,  the  degree  to  which  the  ATD  responds  in  a  representative  fashion  to 
these  more  complex  environments  remains  as  difficult  to  evaluate  and  validate  as  the  most 
complex  models.  Most  troubling  has  been  the  use  of  ATDs  in  environments  not  traceable  to  the 
design  criteria  upon  which  the  ATD  was  based.  For  example,  ATDs  designed  to  mimic  cadaver 
response  to  forward-facing  impact  have  been  used  in  vertical  impact  tests  with  misleading 
results.  It  has  been  irresistibly  tempting  to  use  a  structure  that  "looks  like  a  person"  against 
challenges  for  which  it  was  not  designed. 

Any  use  of  ADAM-derivative  technology  for  the  purpose  of  injury  probability  assessment  must, 
therefore,  be  within  the  range  of  challenges  for  which  ADAM  may  be  shown  to  represent 
relevant  human  response.  This  necessarily  imposes  limitations  on  the  environments  in  which 
injury  criteria  are  applicable,  but  it  must  be  recognized  as  the  fundamental  assumption 
underlying  the  development  of  injury  criteria  pursued  in  this  report.  In  effect,  the  ATD  is  a 
possibly  imprecise  mechanical  realization  of  a  mathematical  model  in  the  sense  that  mathematical 
modelling  is  employed  to  aid  in  setting  ATD  design  parameters.  For  purposes  of  this  study,  the 
accuracy  and  representativeness  of  the  ADAM  response  is  not  being  assessed,  but  rather  being 
assumed  as  representative  or  capable  of  being  made  representative. 

The  use  of  an  instrumented  ATD  as  an  injury  probability  assessment  tool  goes  a  step  beyond 
previous  approaches  which  were  based  upon  simple  instrumentation  of  the  environment.  For 
example,  in  an  ejection  scenario,  the  simplest  instrumentation  solution  is  to  measure  the 
acceleration  time  profile  of  the  seat.  This  necessarily  ignores  the  differences  in  acceleration  time 
histories  experienced  by  different  portions  of  the  body  of  a  human  being  seated  in  such  a  seat. 
The  availability  of  an  articulated  ATD  with  human-like  response  to  the  accelerations  and 
rotations  of  an  ejection  seat  allows  attention  to  be  focused  upon  various  regions  of  the  body  with 
these  regions’  varying  stress  environments  being  represented  by  different  acceleration  time 
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histories  This  is  a  philosophical  departure  from  injury  criteria  related  to  measurements  of  the 
envirr  nment.  It  may  be  termed  "regionally  based"  injury  probability  assessment  rather  than 
"whole  body"  injury  probability  assessment.  However,  it  puts  one  in  the  position  of  searching 
for  a  model  of  injury  probability  assessment  that  is,  in  effect,  based  upon  the  output  of  an 
intervening  model  represented  by  the  ATD. 

Output  from  instrumentation  within  the  ADAM  or  another  ATD  may  be  employed  as  an 
indicator  of  injury  potential  if  it  can  be  reliably  assumed  that  the  mathematical  model  upon 
which  the  ATD  is  based  is  correct  and  the  mechanical  realization  of  that  model  is  faithful  to  it. 
The  instrumentation  must  also  effectively  measure  accelerations,  forces,  and  torques  in  a  manner 
relevant  to  the  human  body  response  being  modeled.  Finally,  the  measurements  must  be 
compared  to  criteria  that  reasonably  represent  the  injury  likelihood  in  a  given  region  had  a 
human  body  experienced  the  manikin  environment. 

The  Nature  of  Injury  Criteria 

The  way  injury  criteria  are  defined  has  a  potentially  dramatic  impact  on  the  design  of  systems 
that  must  meet  those  criteria.  If  injury  criteria  are  too  liberal,  injuries  are  more  likely  to  result 
during  use  of  the  designed  system.  Conversely,  if  injury  criteria  are  too  conservative,  the 
designed  system  may  be  too  expensive,  too  complex,  too  heavy,  or  too  limited  in  its 
performance  to  adequately  meet  operational  requirements.  In  fact,  if  escape  system  performance 
is  inappropriately  constrained,  fatalities  will  result  from  more  out-of-envelope  ejections. 
Therefore,  it  is  critical  for  injury  criteria  to  be  appropriately  set  so  that  systems  based  on  those 
criteria  will  be  both  capable  and  reasonably  safe. 

The  definition  of  an  injury  criterion  begins  with  the  careful  definition  of  the  injury  to  which  the 
criterion  will  apply.  From  a  practical  point  of  view,  injury  criteria  cannot  be  reasonably  defined 
for  all  injuries  conceivable  in  the  use  of  a  given  system.  Instead,  those  injuries  that  are  most 
critical  and  most  likely  to  occur  in  a  given  circumstance  are  defined  and  injury  criteria 
established.  Too  many  criteria  may  lead  to  unavoidable  assessments  of  failure  just  as  too  many 
clinical  tests  on  a  normal  patient  will  eventually  yield  some  abnormal  results. 

It  must  be  recognized  that  an  injury  criterion  is  not  an  injury  tolerance  curve.  Instead,  an  injury 
criterion  is  defined  as  a  testing  limit  which  typically  is  set  on  the  basis  of  its  relationship  to 
multiple  tolerance  curves  for  multiple  injury  modes. 

Injury  criteria  have  been  approached  in  a  variety  of  ways.  Fct  example,  injury  thresholds  have 
sometimes  been  established.  In  some  cases,  these  thresholds  have  been  used  in  an  absolute  sense 
such  that  an  injury  is  assumed  not  to  occur  if  a  chosen  parameter  remains  below  the  threshold 
and  assumed  to  occur  if  the  parameter  exceeds  the  threshold.  More  realistic  approaches  involve 
threshold  ranges  in  which  the  actual  injury  threshold  for  a  population  of  subjects  is  assumed  to 
fall  somewhere  within  a  given  range  for  the  parameter.  More  precisely  defined  approaches 
along  this  line  assign  cumulative  probability  functions  to  a  given  parameter  such  that  increasing 
percentages  of  a  population  would  be  expected  to  be  injured  as  a  parameter  increases  in  value. 
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Such  probability  functions  imply  a  greater  knowledge  about  the  injury  event  and  its  cause  and 
are  typically  more  useful  from  a  system  design  standpoint  since  the  risk  of  injury  may  be 
compared  to  the  potential  benefits  of  improved  system  performance. 

The  parameter  for  which  the  injury  criterion  is  defined  must  be  relatable  to  injury  production. 
Attempts  have  been  made  to  define  injury  thresholds  or  probability  functions  on  the  basis  of 
acceleration  or  force.  Difficulties  have  been  encountered  since  acceleration  or  force  time 
hi  torics  are  typically  complex  functions  and  the  significance  of  a  given  level  of  acceleration  or 
force  may  depend  upon  how  long  that  level  is  maintained  or  how  rapidly  it  is  applied. 
Additionally,  difficulties  have  also  been  encountered  since  local  acceleration  or  force  in  various 
portion i  of  the  human  body  differ  from  the  acceleration  measured  on  a  seat  structure  and  differ 
further  depending  upon  restraint  design  and  effectiveness.  Much  of  the  data  on  bone  and 
'i  lament  strength  remains  as  quasi-static  yield  or  failure  data  that  simply  defines  the  force 
i.  to  l»e  slowly  built  up  before  a  sample  gives  or  breaks.  Acceleration  criteria  that  have 
been  iiio>i  useful  have  at  least  involved  information  on  duration.  Examples  include  the  early 
Wayne  Slate  tolerance  curves.  These  demonstrate  that  acceleration  tolerance  for  certain  injuries 
increases  as  the  duration  decreases.  However,  complex  pulse  shapes  are  difficult  to  describe 
simply  by  acceleration  or  force  and  duration.  Such  pulses  are  more  conveniently  handled  by 
time  weighted  acceleration  approaches  typified  by  the  Gadd  Severity  Index  or  the  Head  Injury 
Criterion  (HIC).  These  approaches  find  current  application  for  whole  body  or  regional 
acceleration  tolerance  or  generalized  head  injury  occurrence,  but  they  have  several  deficiencies 
which  will  be  examined  later. 

For  complex  acceleration  time  histories  and  specific  structural  injuries,  the  likelihood  of  failure 
may  be  better  defined  by  the  maximum  acceleration  or  displacement  of  a  mass  supported  by  a 
spring  and  damper  on  an  accelerating  base.  The  Dynamic  Response  Index  (DRI)  is  a  probability 
function  example  of  such  a  criterion  and  has  been  useful  in  assessing  the  likelihood  of  spinal 
fracture  in  military  ejection  seats.6  The  DRI  technique  has  been  extended  by  Brinkley  and 
colleagues  for  use  with  whole  body  injury  potential  in  multi-axis  acceleration  environments.7  ® 
The  approach  is  more  theoretically  consistent  with  the  notion  of  injury  as  strain  beyond  the 
linear  range  of  a  viscoelastic  structure  subjected  to  time-varying  stress.  Viscoelastic 
displacement  criteria  are  reasonable  approaches  for  modelling  skeletal  injury. 

For  soft-tissue  injury,  the  viscous  criterion  has  been  introduced  by  Lau  and  Viano’  for 
predicting  injury  in  the  chest  and  abdomen.  This  criterion  is  a  probability  function  based  on  the 
product  of  displacement  percentage  and  displacement  velocity  for  a  viscoelastic  model.  This 
approach  is  consistent  with  the  notion  that  soft  tissue  injury  depends  not  only  on  viscoelastic 
compression,  but  also  on  how  rapidly  the  compression  occurs.  The  viscous  criterion  is  being 
used  in  automotive  applications  for  frontal  and  side  impact  collisions  with  a  modified  GM 
Hyurid  III  manikin.  Further  exploration  of  side  impact  phenomena  has  occurred  with  manikins 
specifically  designed  for  the  purpose,  such  as  SID10  and  EUROSID." 

A  summary  of  the  described  injury  criteria  is  presented  in  a  matrix  in  Table  1.  The  more 
sophisticated  approaches  are  located  generally  down  and  to  the  right  in  the  matrix, 
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Table  1  -  INJURY  CRITERIA  CHART 

Acceleration  TtME-WeiomBD 

or  Accelbratk^i 

Force  or  Force 


Wayne  State  Some  misuses  of 

Tolerance  Curves  Gadd  Severity 

Index  and  Head 
Injury  Criterion 

Most  Tissue  Gadd  Severity 

Strength  Data  Index  and  Head 

Injury  Criterion 

Some  Tissue 
Strength  Data 


Injury  Probability  Assessment  Opportunities 

For  ADAM-derivative  injury  assessment,  it  is  appropriate  that  injury  criteria  be  established  only 
for  operationally  significant  injuries.  Such  injuries  are  defined  as  those  that  are  relatively 
common  and  relatively  severe.  Less  common  injuries  should  only  be  considered  when  they  are 
particularly  severe.  Neck  fracture  provides  an  example  of  an  operationally  significant  injury 
category. 

There  are  more  potentially  relevant  injury  possibil'  >s  in  escape  or  other  acceleration  stress 
environments  than  can  reasonably  be  accommodated  in  a  given  instrumented  manikin.  This 
study  takes  the  opportunity  to  survey  potential  injury  criteria  development  for  a  variety  of  body 
regions.  If  all  injury  criteria  developments  were  to  be  attempted  within  the  ADAM  system, 
substantial  increases  in  instrumentation  and  data  acquisition  channels  would  be  required.  Such 
increases  may  not  be  justifiable.  In  fact,  near-term  practicality  may  dictate  some  retreat  from 
current  levels  of  instrumentation  in  ADAM.  Clearly,  some  prioritization  will  be  required  to 
determine  the  best  use  of  available  data  channels  and  instrumentation.  Allocation  decisions  may 
also  change  from  program  to  program  depending  upon  objectives.  Therefore,  this  study  takes 
the  approach  of  outlin  ig  injury  criteria  for  a  variety  of  body  regions,  recognizing  that  attendant 
requirements  for  additional  instrumentation  are  being  assumed.  However,  it  should  be  made 
clear  that  this  approach  does  not  serve  to  recommend  the  incorporation  of  all  possible  criteria 
and  all  possible  instrumentation.  Rather,  for  applications  in  which  injury  criteria  within  the 
specific  region  are  considered  relevant,  selection  could  be  made  from  among  the  injury  criteria 
being  presented  as  a  part  of  this  study. 


Viscobustic 

Model 

Displacement 


Some  Tissue 
Strength  Data  at 
Varying  Strain 
Rates 


Dynanuc  Response 
Index  (Spinal 
Fracture) 


Viscoelastic 

Model 

Di$FLACEM6NT 
AND  VELOCITY 
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the  Viscous 
Criterion 


Viscous  Criterion 
for  Chest  and 
Abdomen  Soft 
Tissue  Injury 


Parameter 

Tyre 

Threshold 

Threshold 

Range 


Probability 

Function 


This  study  provides  a  unique  opportunity  to  place  the  definition  of  regionr.l  injury  criteria  on  a 
more  rational  and  consistent  footing  than  currently  exists  in  the  literature.  * .  it  stands,  a  wide 
variety  of  criteria  have  been  advanced,  typically  having  been  developed  a  result  of  studies 
within  a  particular  body  region.  Little  effort  has  been  devoted  to  employing  a  common 
philosophy  to  develop  injury  criteria  from  region  to  region.  At  least  in  a  tentative  sense,  the 
current  study  addresses  this  rather  formidable  task. 

Underlying  the  philosophy  employed  in  the  current  study  is  the  observation  that  the  most 
relevant  and  useful  injury  criteria  take  into  account  the  viscoelastic  strain  behavior  that 
characterize,  typical  human  body  injury  response.  The  potential  exists  to  employ  such  an 
approach  thoroughly  to  develop  injury  criteria  in  all  body  regions  based  upon  measures  of 
viscoeVstic  strain  response.  This  has  intuitive  appeal  since  strain  beyond  some  limit  is  the 
parameter  most  closely  linked  to  the  nonlinearity  represented  by  injury  to  a  given  tissue. 
Various  approaches  to  injury  criteria  using  acceleration  or  force  have  often  attempted  to  deal 
with  this  fact  by  employing  some  measure  of  time  duration,  rate  of  onset,  or  other  measure  that 
affects  the  outcome  of  a  force  or  acceleration  applied  at  some  given  level.  These  considerations 
ten  be  consistently  taken  into  account  if  a  strain  criterion  can  be  established  in  place  of  an 
acceleration  or  force  metric. 

The  application  of  a  thorough,  regional,  viscoelastic  strain  approach  has  been  attempted  in  this 
study  and  is  recommended  for  use  in  the  ADAM  program.  In  a  larger  sense,  however,  such  an 
approach  not  only  has  application  for  ADAM,  but  is  also  foreseen  as  an  important  contribution 
to  the  field  of  injury  criterion  definition  in  general.  The  approach  should  find  application  in 
other  military  testing,  systems  specifications,  computer-based  mathematical  models,  and  in 
regulatory  standards  and  testing  for  automotive,  commercial  aviation,  and  general  aviation 
settings. 
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Outline  of  Approach 

The  fundamental  objective  of  the  current  effort  has  been  to  establish  an  appropriate  methodology 
for  using  ADAM  technologies  for  injury  probability  assessment.  The  methodology  has  been 
designed  to  allow  a  validation  effort  to  include  demonstration  tests  with  a  prototype  manikin  in 
an  envisioned  Phase  II  to  follow  the  current  effort.  The  program  has  been  carried  out  through 
the  pursuit  of  a  sequence  of  technical  objectives.  Fundamental  to  all  of  the  objectives  has  been 
an  extensive  literature  review  to  better  define  the  injuries  of  interest  for  ADAM  testing  and  to 
assess  the  state  of  the  art  for  injury  probability  assessment  criteria.  This  literature  review,  in 
and  of  itself,  represents  a  significant  product  of  the  Phase  I  study.  As  such,  it  is  separately 
addressed  in  this  section  to  assist  users  of  this  report  in  understanding  its  basis  and  its  content. 
It  is  anticipated  that  the  compilation  of  articles  provided  in  Appendix  A  will  serve  as  a  beneficial 
reference  source  for  future  related  endeavors. 

Employing  the  literature  and  data  search,  candidate  injury  types  were  selected  for  assessment 
based  upon  the  operational  significance  of  those  injuries.  Significance  was  defined  using  both 
the  frequency  of  the  injury  and  the  degree  of  incapacitation  or  threat  that  it  represents.  A 
separate  effort  addressed  the  instrumentation  requirements  to  provide  data  from  the  various  body 
regions  that  would  be  relevant  to  injuries  that  might  be  considered.  Injury  probability 
assessment  criteria  were  then  developed  for  the  various  injury  modes  selected  as  being 
potentially  significant.  An  attempt  was  made  to  apply  a  regional  viscoelastic  strain  approach 
wherever  possible.  Finally,  a  validation  approach  outline  has  been  considered  as  the  basis  for 
the  development  of  a  proposal  to  continue  the  effort  into  a  second  validation  phase.  Prior  to 
initiation  of  any  Phase  II  effort,  it  is  recommended  that  the  effort  be  focused  by  selecting  a 
subset  of  the  potential  injury  criteria  that  would  respond  to  primary  Air  Force  concerns  and  fit 
within  envisioned  instrumentation  system  sizing.  We  believe  that  incorporation  of  sufficient 
instrumentation  to  pursue  all  considered  injury  criteria  will  result  in  an  impractical  and 
unmanageable  manikin  instrumentation  suite. 

Before  proceeding  with  the  description  of  the  results  of  the  various  tasks,  the  basis  and  approach 
for  the  literature  search  is  briefly  reviewed. 

Literature  and  Data  Search 

Scope  of  Literature  Review 

The  literature  search  undertaken  in  this  effort  was  organized  as  a  series  of  thorough  scans  of  the 
English-language  literature  on  specific  topics.  The  review  was  not  intended  to  be  entirely 
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exhaustive  nor  irrefutably  comprehensive.  Most  of  the  databases  ultimately  selected  for 
searching  are  themselves  limited  in  scope,  e.g.,  by  time  period,  types  of  publications  included, 
countries  of  publications  covered,  and  so  on.  The  actual  search  strategies,  i.e.,  the  specific 
words  and  phrases  and  the  ways  in  which  they  were  combined,  further  determined  the  results 
found  and  the  references  ultimately  printed.  However,  the  specific  databases  selected  for 
searching,  the  search  strategies  employed,  and  the  full-text  documents  subjectively  selected  for 
review  from  the  literature  search  bibliographies,  have  resulted  in  a  list  of  references  that 
pro  rides  a  reasonable  sampling  of  the  relevant  literature  that  could  be  obtained  in  time  to  be 
thoughtfully  reviewed  within  the  contract  period.  There  was  no  attempt  to  construct  a 
comprehensive  historical  review.  Therefore,  many  significant  contributors  and  contributions  to 
the  field  are  missing  from  the  selected  bibliography.  However,  a  reasonable  sample  of  useful 
concepts  and  approaches  was  assembled  to  serve  as  a  basis  for  the  current  effort. 

Of  interest  in  the  review  was  our  observation  that  there  is  too  much  literature  in  this  field.  We 
have  been  blessed  with  the  curse  of  relatively  unconstrained  access  to  publication.  This  ensures 
that  revolutionary  ideas  get  a  hearing,  but  also  allows  publication  of  less  insightful  or  flawed 
studies  having  results  that  cannot  be  rationalized  from  study  to  study. 

Specific  Topics  and  Databases  Searched 

Two  distinct  primary  topics  were  identified  as  crucial  in  defining  the  relevant  literature:  Injury 
Assessment  (limited  to  specific  anatomical  regions)  and  Escape  Injuries. 

The  Principal  Investigator  and  Librarian  selected  databases  in  which  to  search  these  topics  from 
those  offered  by  the  on-line  bibliographic  systems  already  subscribed  to  by  Biodynamic  Research 
Corporation.  These  systems,  accessed  by  modem,  include  Dialog  Information  Services,  Inc., 
the  Defense  RDT  &  E  On-line  System,  MEDLARS,  and  Maxwell  On-line,  Inc. /Orbit  Search 
Service.  Descriptions  of  these  systems  follow. 

DIALOG  Information  Services,  Inc.  provides  access  to  databases  from  a  broad  scope  of 
disciplines  including  science,  business,  technology,  chemistry,  law,  medicine,  engineering,  social 
sciences,  business,  economics,  current  events,  and  more.  The  more  than  380  databases  on 
DIALOG  contain  in  excess  of  260  million  records. 

DROLS,  which  stands  for  the  Defense  RDT  &  E  On-line  system,  was  developed  by  the  Defense 
Technical  Information  Center  to  provide  on-line  access  to  its  collection.  DROLS  provides  access 
to  three  databases:  Research  and  Technology  Work  Unit  Information  System  (WUIS)  Database, 
the  Technical  Report  (TR)  Database,  and  the  Independent  Research  and  Development  (IR  &  D) 
Database. 

MEDLARS  is  the  National  Library  of  Medicine’s  on-line  retrieval  system  that  provides  access 
to  about  25  health-related  databases  including  Medline,  Bioethics,  Cancerlit,  Health  Planning 
&  Administration,  and  Toxline. 
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ORBIT  Search  Service,  a  division  of  Maxwell  Online,  provides  access  to  more  than  100 
computerized  databases  heavily  concentrated  in  the  areas  of  science,  technology,  and  patents 
including  Biotechnology  Abstracts,  Chemical  Safety  NewsBase,  Enviroline,  Society  of 
Automotive  Engineers  (SAE),  Global  Mobility,  and  U.S.  Patents. 

Eight  individual  databases  were  chosen  to  search  both  the  Injury  Assessment  and  Escape  Injuries 
topics.  These  databases  were  selected  by  the  Principal  Investigator  and  Librarian  as  a  result  of 
their  past  research  and  literature  searching  experiences.  The  following  paragraphs  describe  these 
databases,  provided  in  the  DIALOG  and  MAXWELL  ONLINE  services’  1991  database  catalogs 
and  other  documentation  provided  by  the  services. 

The  Aerospace  Database  provides  references,  abstracts,  and  controlled  vocabulary  indexing  of 
key  scientific  and  technical  documents  as  well  as  books,  reports,  and  conferences.  Aerospace 
research  and  development  in  over  40  countries,  including  Japan,  Eastern  Europe,  and  the 
countries  of  the  former  Soviet  Union  are  covered.  This  database  supports  basic  and  applied 
research  in  aeronautics,  astronautics,  and  space  sciences,  as  well  as  technology  development  and 
applications  in  complementary  and  supporting  fields  such  as  chemistry,  geosciences,  physics, 
communications,  and  electronics.  It  is  provided  by  the  American  Institute  of  Aeronautics  and 
Astronautics/Technical  Information  Service  (AIAA/TIS).  The  Aerospace  Database  combines 
in  one  database  two  publications:  Scientific  and  Technical  Aerospace  Reports  (STAR),  produced 
by  the  National  Aeronautics  and  Space  Administration  (NASA),  and  International  Aerospace 
Abstracts  (IAA).  produced  by  AIAA  under  contract  to  NASA. 

The  Compendex  Plus  database,  provided  by  (Ei)  Engineering  Information,  Inc. ,  is  the  machine- 
readable  version  of  the  Engineering  Index  (monthly/annual),  which  provides  abstracted 
information  from  the  world’s  significant  literature  of  engineering  and  technology.  The 
Compendex  Plus  database  provides  worldwide  coverage  of  approximately  4,500  journals  and 
selected  government  reports  and  books.  Subjects  covered  include:  civil,  energy,  environmental, 
geological,  and  biological  engineering;  electrical,  electronics,  and  control  engineering;  chemical, 
mining,  metals  and  fuel  engineering;  mechanical,  automotive,  nuclear,  and  aerospace 
engineering;  and  computers,  robotics,  and  industrial  robots.  In  addition  to  journal  literature, 
Compendex  Plus  includes  over  480,000  records  of  significant  published  proceedings  of 
engineering  and  technical  conferences  formerly  indexed  in  Ei  Engineering  Meetings. 

The  Defense  Technical  Information  Center’s  Defense  RDT  &  E  Online  System  (DROLS)  has 
two  databases  to  which  BRC  has  access.  They  are  the  RAT  Work  Unit  Information  System 
(WUIg)  Database,  which  is  a  collection  of  technically-oriented  summaries  describing  ongoing 
Department  of  Defense  research  and  technology  effort  at  the  work  unit  level.  This  database 
includes  information  concerning  the  what,  where,  when,  how,  and  what  costs,  by  whom,  and 
under  what  sponsorship  research  is  being  performed.  The  collection  consists  of  approximately 
206,000  records.  The  Technical  Report  (TR)  Database  is  a  collection  of  bibliographic  citations 
to  documents  that  convey  progress  or  results  of  Defense-sponsored  RDT  &  E  efforts.  The 
collection  consists  of  over  1.7  million  documents  stored  in  microform,  of  which  over  1.4  million 
are  under  computer  control. 
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Medline  (MEDLARS  onLINE),  produced  by  the  U.S.  National  Library  of  Medicine,  is  one  of 
the  major  sources  for  biomedical  literature.  Medline  corresponds  to  three  print  indexes:  Index 
Medicus.  Index  to  Dental  Literature,  and  International  Nursin2  Index.  Medline  covers  virtually 
every  subject  in  the  broad  field  of  biomedicine,  indexing  articles  from  over  3,000  international 
journals  published  in  the  United  States  and  70  other  countries.  Citations  to  chapters  or  articles 
from  selected  monographs  are  also  included  from  May  1976  through  1981.  Over  40%  of 
records  added  since  1975  contain  author  abstracts  taken  directly  from  the  published  articles. 
Over  250,000  records  are  added  per  year,  of  which  over  70%  are  for  English-language  material. 

The  NTIS  database,  provided  by  the  National  Technical  Information  Service,  consists  of 
government-sponsored  research,  development,  and  engineering,  plus  analyses  prepared  by 
federal  agencies,  their  contractors,  or  grantees.  It  is  the  means  through  which  unclassified, 
publicly-available,  unlimited  distribution  reports  are  made  for  sale  by  agencies  such  as  NASA, 
Defc  ise  Documentation  Center  (DDC),  Department  of  Energy  (DOE),  Housing  and  Urban 
Development  (HUD),  Department  of  Transportation  (DOT),  and  Department  of  Commerce 
'DOC).  Some  240  other  agencies  now  contribute  their  reports  to  the  database.  Truly  multi¬ 
disciplinary,  this  database  covers  a  wide  spectrum  of  subjects,  including  administration  and 
management,  agriculture  and  food,  behavior  and  society,  building,  business  and  economics, 
chemistry,  civil  engineering,  energy,  health  planning,  library  and  information  science, 
transportation,  and  much  more. 

The  SAE  Global  Mobility  Database  provides  access  to  technical  papers  presented  at  Society 
of  Automotive  Engineers  (SAE)  meetings  and  conferences,  papers  from  the  Sociltl  des 
Ingenieurs  de  l’Automobile  (SIA)  and  the  International  Federation  of  Automobile  Engineering 
Societies  (FISITA),  transportation-related  papers  from  the  Institution  of  Mechanical  Engineers 
(I  Mech  E)  and  the  National  Highway  Traffic  Safety  Administration  (NHTSA)-sponsored 
International  Technical  Conference  on  Experimental  Safety  Vehicles  (ESV).  Also,  the  databases 
cover  standards,  specifications,  test  procedures,  recommended  practices  and  proposed  standards 
developed  by  SAE,  as  well  as  SAE  Special  Publications,  Advances  in  Engineering  series  books, 
and  authored  books.  Subject  coverage  includes  automobiles,  aircraft  and  other  self-propelled 
vehicles  such  as  spacecraft,  military  equipment/vehicles,  trucks,  tractors,  motorcycles  and 
agricultural  vehicles.  Topics  include  safety,  design,  materials,  manufacturing,  testing, 
marketing,  and  fuels.  The  database  currently  contains  more  than  49,000  records. 

TRIS  (Transportation  Research  Information  Service)  is  provided  by  the  U.S.  Department  of 
Transportation  and  Transportation  Research  Board  NAS/NRC.  TRIS  supplies  transportation 
research  information  on  air,  highway,  rail,  and  maritime  transport,  mass  transit,  and  other 
transportation  modes.  Subjects  included  are  regulations  and  legislation,  energy,  environmental 
and  maintenance  technology,  and  operations,  traffic  control,  and  communications. 

The  database  records  can  either  be  abstracts  of  documents  and  data  holdings  or  rdsumls  of 
research  projects.  Among  the  transportation  research  information  services  contributing  to  TRIS 
are  the  Highway  Research  Information  Service  (HRIS),  the  Maritime  Research  Information 
Service  (MRIS),  the  Railroad  Information  Service  (RRIS),  the  Air  Transportation  Research 
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Information  Service  (ATRIS),  the  Urban  Mass  Transportation  Research  Information  Service 
(UMTRIS),  the  International  Road  Research  Documentation  (IRRD),  Transportation  Libraries 
(TLIB),  and  Highway  Safety  Literature  (HSL). 

Biodvnamlcs  Data  Bank.  The  Armstrong  Laboratory,  Human  Systems  Division,  Air  Force 
Systems  Command,  Wright-Patterson  Air  Force  Base,  OH,  generously  supplied  BRC  a  copy  of 
its  entire  Biodynamics  Data  Bank.  This  database  was  found  to  contain  references,  often  with 
abstracts,  to  publications  or  materials  outside  the  scope  of  the  other  commercial  and  DTIC 
databases  searched. 


Search  Strategies  Used 

Search  logic 

Within  a  search  strategy,  descriptors,  free-text  words  and/or  phrases,  and  groups  of  these,  can 
be  combined  in  various  ways  to  get  different  results.  These  connectors,  called  Boolean  logical 
operators  or  proximity  operators,  can  either  broaden  or  narrow  the  number  of  items  found  as 
a  result  of  a  search  strategy.  A  brief  summary  of  the  available  operators  follows. 

OR  logic  groups  search  terms  inclusively  into  a  single  set  when  any  of  the  given  terms  is 
acceptable.  For  example,  in  the  Medline  database  where  no  descriptors  existed  for  the  Escape 
Injuries  concept,  synonyms  or  closely-related  terms  or  phrases  such  as  "injuries",  "trauma", 
"fractures",  and  "dislocations",  and  variations  of  these,  were  used  to  search  on  the  "injuries" 
portion  of  this  concept;  additional  synonyms  such  as  "escape",  "ejection",  and  so  on  were  also 
selected  to  complete  the  expression  of  this  concept. 

AND  logic  retrieves  the  intersection  of  at  least  two  search  terms.  All  records  must  contain  both 
or  all  of  the  terms  specified.  For  example,  the  free-text  terms  used  to  express  the  "injuries" 
concept  listed  above,  were  AND-ed  with  a  group  of  synonyms  selected  for  expressing  the 
"escape"  concept.  This  strategy  retrieved  only  those  items  containing  at  least  one  term  from 
each  of  the  two  groups  of  synonyms. 

NOT  logic  eliminates  unacceptable  or  irrelevant  terms  from  a  search.  NOT  was  often  used 
within  literature  searches  to  avoid  looking  again  at  reference?  found  in  previous  search  sets. 

Other  proximity  operators  are  available  on  the  DIALOG,  MAXWELL  ONLINE,  and 
MEDLARS  online  systems  that  produce  even  more  precise  results  than  when  the  Boolean 
operators,  AND,  OR,  or  NOT  are  used.  These  require  that  the  terms  or  phrases  in  both  concept 
groups  appear  in  closer  proximity  to  each  other,  e.g.,  in  the  same  sentence,  in  the  same  field 
of  the  bibliographic  record,  in  the  same  descriptor,  and  so  on. 
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Subject  terms  and  headings 


Most  bibliographic  databases  available  through  commercial  suppliers  use  a  controlled  vocabulary 
of  standardized  words  and  phrases  called  descriptors  to  index  the  subject  contents  of  their 
publications.  In  order  to  maximize  the  retrieval  of  relevant  results  on  a  subject,  a  literature 
searcher  uses  these  descriptors  within  a  search  strategy  rather  than  a  variety  of  free-text  words 
and  phrases.  Thesauri  for  the  individual  databases  selected  for  searching  were  consulted  to 
identify  the  descriptors  available  for  searching  the  two  major  topics  selected  for  this  literature 
search,  i.e.,  Injury  Assessment  (of  selected  anatomical  regions)  and  Escape  Injuries. 

No  precise  descriptor(s)  was  available  for  the  Escape  Injuries  concept  in  the  controlled 
vocabularies  developed  for  use  with  the  COMPENDEX  PLUS,  MEDLINE,  SAE  GLOBAL 
MOBILITY  and  TRIS  databases.  Consequently,  the  searcher  developed  a  variety  of  strategies 
to  scan  the  literature  using  combinations  of  synonyms  or  closely-related  terms  or  phrases  to 
express  both  the  "escape"  concept  (such  as  "escape",  "ejection"  and  "parachuting")  and  the 
"injuries"  (such  as  "injuries",  "trauma",  "dislocations",  and  "fractures")  concept. 

The  remaining  databases,  Aerospace,  NTIS,  Technical  Report  and  the  Work  Unit  files  all  had 
standardized  descriptors  available  for  directly  searching  the  escape  injury  literature. 

The  Injury  Assessment  component  of  the  literature  search  was  more  challenging.  Medline  was 
the  only  database  with  a  standardized  descriptor  approximating  the  concept  of  injury  assessment, 
"Trauma  Severity  Indices".  Not  surprisingly,  Medline  also  had  the  best  array  of  single  words 
or  phrases  for  all  of  the  anatomical  regions  selected  for  this  search,  namely,  "head",  "cervical 
spine/neck",  "thorax",  "spine"  and  "extremities".  For  the  remaining  databases,  groups  of 
synonyms  for  all  three  concepts  of  "injury"  and  "assessment"  and  "head"  or  "cervical 
spine/neck"  or  "thorax"  or  "spine"  or  "extremities"  were  selected. 

The  DIALOG  system  was  used  to  search  the  Aerospace,  Compendex  Plus,  Medline,  NTIS,  and 
TRIS  databases.  Initial  searches  on  the  databases  were  composed  using  the  broadest  logical 
operator,  the  AND.  However,  these  strategies  resulted  in  thousands  of  references  being 
identified,  particularly  in  MEDLINE,  the  large,  health-related  database. 

After  scanning  some  representative  titles  from  the  initial  results,  the  searcher  decided  to  use  a 
more  focused  strategy  to  accomplish  two  objectives:  reducing  the  number  of  references 
retrieved  and  increasing  the  relevancy  of  the  resulting  references.  The  literature  searcher 
decided  to  use  the  NEAR  operator  that  specifies  that  two  terms  must  occur  next  to  each  other 
but  in  any  order.  This  operator  was  used  to  combine  synonymous  terms  and  phrases  for  the 
"injury"  and  "assessment"  and  all  of  the  anatomical  regions  concepts.  At  least  one  word  or  term 
in  each  group  had  to  occur  within  S  words  of  the  next  group  of  words  or  phrases  outlined  in  the 
search  strategy.  This  narrowing  approach  yielded  a  more  manageable  number  of  relevant  "hits" 
that  appeared  to  be  more  on  target  than  those  hits  found  using  the  more  general  Boolean  operator 
AND.  The  equivalent  proximity  operator  was  used  for  searching  the  SAE  GLOBAL 
MOBILITY  file  on  Maxwell  Online. 
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DTIC’s  Technical  Report  and  Work  Unit  databases  had  to  be  searched  differently  and  using  a 
broader  approach  as  no  proximity  operators  are  available  on  this  system.  The  AND  operator 
was  used  but  the  "injury",  "assessment"  and  anatomical  region  synonyms  were  limited  to 
occurrence  in  the  titles  of  technical  reports  or  research  summaries. 

The  search  strategies  used  with  the  Biodynamics  Data  Bank  were  also  generally  broader  in  scope 
than  those  used  with  DIALOG,  MAXWELL  ONLINE,  or  the  MEDLARS  systems. 

Additional  Search  Topics 

Literature  searches  were  also  run  on  the  same  group  of  commercial  on-line  databases  for 
information  on  "instrumentation  of  anthropomorphic  test  dummies"  as  well  as  for  general 
information  on  selected  anthropomorphic  test  dummies  such  as  ADAM,  BIOSID,  EUROSID  and 
the  HYBRID  III. 

Appropriate  controlled  vocabulary  rather  than  a  free-text  approach  was  used  to  develop  search 
strategies  whenever  possible  in  an  attempt  to  control  the  amount  and  value  of  the  information 
found. 

Duplicate  References 

Different  selected  databases  sometimes  scan  the  same  publications.  Duplicate  references  were 
weeded  by  the  individual  reviewers  as  they  scanned  the  search  printouts  from  different  databases 
or  before  orders  were  placed  for  hard  copy.  Many  individual  papers  and  publications  were 
selected  by  more  than  one  reviewer. 

Number  of  References  Retrieved 

For  all  systems  and  databases  searched,  the  total  number  of  references  scanned  initially  by  all 
reviewers  was  9,035.  This  number  did  include  many  duplicate  references  cited  across  different 
databases  and  on-line  systems.  From  this  total  of  9,035,  the  reviewers  selected  abstracts  if  they 
were  not  already  included  in  the  initial  searches.  Some  initial  search  printouts  did  include 
abstracts  if  time  and  cost  savings  were  considered  significant  factors.  Overall,  1 ,936  documents 
were  then  selected  for  full-text  review,  or  21.4%  of  the  total  number  of  references  found  across 
all  databases  for  all  topics  searched.  Duplicate  selections  were  screened  before  orders  were 
placed.  Approximately  975  unique  documents  were  then  distributed  to  the  literature  reviewers 
or  49.6%  of  the  documents  selected.  Table  2  provides  details  on  the  literature  results,  selections 
and  documents  ordered. 

Items  Selected  for  Full-Text  Review 

The  Principal  Investigator  assigned  specific  topical  areas  to  different  reviewers.  The  reviewers 
first  scanned  the  literature  search  printouts  for  their  topics  that  contained  basic  bibliographic 
references.  They  then  selected  those  references  for  which  they  wanted  to  see  an  abstract  or 
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summary  when  one  was  available  from  the  on-line  database.  Sometimes  abstracts  were  included 
in  the  initial  printouts  to  save  time  and  reduce  steps  in  the  review  process.  After  examining  the 
abstracts,  the  reviewer  then  further  narrowed  the  scope  of  the  literature  survey  by  choosing  those 
papers  and  publications  that  he  wanted  to  access  in  their  entirety. 

Approximately  600  documents  were  ordered  from  commercial  document  suppliers  or  the  Defense 
Technical  Information  Center  (DTIC)  or  were  obtained  from  Wright-Patterson  or  copied  at 
libraries  in  the  San  Antonio  area. 

Additional  materials  were  also  sometimes  obtained  as  a  result  of  a  reviewer’s  scan  of  a  requested 
paper’s  bibliography.  These  sources  are  not  counted  in  the  figures  provided  in  Table  2.  They 
are,  however,  included  in  the  comprehensive  bibliography  included  in  this  report  in  Appendix  A. 

Document  Orders 

The  Librarian  first  consulted  the  BRC  Library  collection  as  well  as  personal  office  libraries  at 
BRC  to  see  if  materials  were  available  on-site.  If  not,  orders  were  "batched"  and  submitted  to 
several  suppliers  with  which  BRC  already  had  contractual  arrangements.  Some  materials  were 
obtained  from  other  libraries  in  the  San  Antonio  area.  This  document  ordering  and  delivery 
process  continued  throughout  the  contract  period. 

Document  Order  File 

Copies  were  made  of  any  citations  selected  from  the  literature  search  printouts  for  inclusion  in 
a  document  order  card  file.  In  this  way,  duplicate  orders  were  eliminated,  invoices  from  various 
document  suppliers  could  be  more  easily  checked  against  documents  actually  received,  and 
database  records  could  be  created  in  advance  of  receiving  an  order. 

Database  Creation 

A  database  was  created  of  all  items  requested  using  the  PRO-CITE  program  developed  by 
Personal  Bibliographic  Software,  Inc.  of  Ann  Arbor,  ML  For  each  item  selected  and  reviewed, 
a  record  was  entered  that  contained  fields  of  information  including  the  authors  (or  editors), 
document  title,  source  publication,  date  of  publication,  number  of  pages  and  frequently  an 
abstract  (usually  written  by  the  author  and  available  from  the  source  document  or  database 
record  provided  through  the  on-line  service).  The  reviewers  assigned  a  value  to  the  publication 
ranging  from  "Limited  Utility"  to  "Useful  Source"  to  "Primary  Source".  The  resulting  full 
bibliography  of  items  is  included  in  this  report  in  Appendix  A.  Bibliographies  of  selected  source 
documents  reviewed  for  particular  topics  and  rated  either  as  a  "Primary  Source"  or  a  "Useful 
Source"  are  printed  in  bold  type. 
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TABLE  2 


Tone  Searched  References  Found  Documents  Selected 


INJURY  ASSESSMENT 
All  Body  Regions 


Technical  Report  Database 

158 

12 

Work  Unit  Information  System1 2 3 

108 

17 

Federal  Research  in  Progress  Database1 

255 

5 

Commercial  Database  Updates/Expanded  Searches 

468 

16 

TOTALS 

989 

50 

Head  Injuries 

Commercial  Databases 

2613 

504 

Biodynamics  Data  Bank 

136 

21 

TOTALS 

2749 

525 

Neck/Cervical  Spine  Injuries 

Commercial  Databases 

268 

122 

Biodynamics  Data  Bank 

60 

0 

TOTALS 

328 

122 

Extremity  (Upper  &  Lower)  Injuries 

Commercial  Databases 

1751 

270 

Biodynamics  Data  Bank 

TOTALS 

194 

1945 

92 

362 

Thorax/Thoracolumbar  Spine  Injuries 

Commercial  Databases 

651 

323 

Biodynamics  Data  Bank 

217 

144 

TOTAL 

868 

467 

ESCAPE  INJURIES 

Commercial  Database 

822 

204 

DTIC  (Technical  Report  &  WUIS  Databases) 

242 

53 

Biodynamics  Data  Bank 

168 

56 

TOTALS 

1232 

313 

ANTHROPOMETRIC  TEST  DUMMY  INSTRUMENTATION 

Commercial  Databases 

456 

40 

Biodynamics  Data  Bank 

48 

9 

TOTALS 

504 

49 

ANTHROPOMETRIC  TEST  DUMMIES  IGENERALi 

Commercial  Databases 

420 

48 

TOTALS 

420 

48 

GRANB-IQTAL* 

9035 

1936 

GRAND  TOT  At  QF_JM)CUMENTS  REVIEWED*  m 


1  Non-bibliographic  database.  Provides  summaries  of  ongoing  research  activities  not  references  to  source 
documents. 

2  Includes  duplicate  references  across  on-line  systems  databases  and  different  reviewers*  subject  categories. 

3  Excludes  papers  reviewed  for  more  than  one  topical  category. 
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Section  3 

Selection  of  Candidate  Injuries 
for  Assessment 


SECTION  3 


SELECTION  OF  CANDIDATE  INJURIES  FOR  ASSESSMENT 


Operational  Escape  Injury  Experl  jsce 

Given  the  development  objectives  of  the  ADAM  manikin  to  faithfully  respond  in  a  human-like 
fashion  to  the  accelerations  and  rotations  of  an  ejection  seat,  the  principal  application  for  ADAM 
injury  probability  assessment  must  begin  with  attention  to  the  ejection  or  escape  environment. 
To  develop  a  realistic  list  of  injury  candidates  for  assessment,  an  analysis  of  actual  injuries 
occurring  in  real-world  escape  mishaps  was  required.  It  was  considered  desirable  that  this 
analysis  include  type,  frequency,  and  severity  of  injury,  as  well  as  the  mechanism  involved  in 
its  occurrence.  It  was  also  considered  important  to  estimate  how  the  historical  occurrence 
experience  might  be  altered  in  anticipated  future  escape  conditions. 

While  a  number  of  useful  compilations  exist,  it  was  seen  early  on  that  no  single  compilation  met 
all  of  the  desired  requirements.  Most  published  studies  were  too  narrowly  focused  on  specific 
injury  types  or  upon  injuries  occurring  in  a  specific  phase  of  the  ejection  sequence.  In  the  more 
broadly  focused  compilations  in  the  literature,  it  was  difficult  to  assess  with  confidence  the 
mechanisms  of  injury  production,  particularly  for  the  extremities  and  the  neck,  or  the  specific 
phase  of  the  ejection  sequence  in  which  the  injury  was  incurred. 

Data  was  also  reviewed  for  other  injury-producing  environments.  Injury  caused  by  human 
exposure  to  trauma  has  been  studied  from  a  variety  of  perspectives.  There  is  a  growing  body 
of  knowledge  related  to  mechanisms  of  injury  and  injury  types  associated  with  certain  sports 
activities.  Mechanisms  of  cervical  spine  and  knee  injuries  have  received  particular  attention  in 
contact  sports  settings  such  as  football.  However,  more  complex  injury  producing  events  such 
as  motor  vehicle  accidents  involve  a  broader  range  of  injury  producing  mechanisms. 
Consequently,  studies  having  a  broad  focus  in  these  areas  typically  lump  various  injury  types 
together  by  body  region.  Studies  have  frequently  attempted  to  allow  comparisons  of  outcome 
severity  depending  upon  variations  in  protective  equipment.  From  an  epidemiological 
perspective  it  has  often  been  necessary  to  employ  measures  of  the  significance  of  particular  types 
of  injury  to  an  occupant.  These  measures  are  necessary  to  assess  the  benefit  of  a  protective 
approach  that  trades  off  injuries  of  one  kind  for  injuries  of  another.  A  successful  measure  of 
injury  significance  has  been  the  Abbreviated  Injury  Scale  (AIS)  developed  under  the  sponsorship 
of  the  Association  for  the  Advancement  of  Automotive  Medicine.  This  scale,  in  conjunction 
with  an  extended  injury  severity  scale,  has  allowed  comparisons  among  populations  of  injured 
motor  vehicle  occupants.1213  However,  the  aggregation  of  different  injury  types  by  these 
techniques  obscures  the  definition  of  individual  injury  mechanisms. 

For  comparison  of  escape  injury  data,  compilations  have  typically  been  maintained  by  flying 
service  organizations  around  the  world.  Most  commonly,  instead  of  a  system  such  as  the  AIS, 
overall  injury  categories  are  defined  in  which  a  crewmember’s  injuries  may  be  classified  in  a 
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four  or  five  level  scale  ranging  from  None  to  Fatal.  Such  categorization  schemes  may  include 
injuries  termed  as  None  or  Minimal,  progressing  to  Minor,  then  Major,  and  finally  Fatal. 
Criteria  for  categorizing  an  individual  crewmember’s  injuries  often  differ  from  service  to 
service.  Furthermore,  criteria  for  inclusion  in  the  overall  category  of  ejection  injury  also  vary 
from  service  to  service.  For  example,  the  US  Air  Force  defines  an  ejection-related  injury  as 
one  occurring  in  a  crewmember  whose  escape  system  has  been  actuated.  Much  of  the  data  in 
the  US  Navy,  by  contrast,  relates  only  to  crewmembers  whose  systems  have  been  actuated  and 
in  which  the  ejection  has  proceeded  to  the  point  of  separation  from  the  aircraft. 

A  variety  of  publications  have  compared  the  outcome  by  injury  category  in  various  ejection 
regimes,  ejection  systems,  or  with  differences  in  protective  techniques.  A  particularly  detailed 
accounting  was  published  in  the  early  1980s  by  Guill  and  co-workers,  who  presented  data  from 
the  US  Navy  experience. 14  l5  ,6  ,7  ,g 

Within  the  US  Air  Force,  various  authors  have  reviewed  overall  escape  experience  or  experience 
with  specific  kinds  of  injuries,  specific  escape  systems,  or  specific  aircraft.  Moseley  reviewed 
2,000  cases  of  aircraft  accident  injuries  related  principally  to  crash  events  through  the  mid- 
1950s.19  Escape  systems  came  into  use  in  the  1940s  and  by  the  1950s  some  grouped 
assessments  of  escape  injury  experience  were  being  reported.  Many  of  these  reports  related  only 
to  peacetime  ejection  with  data  on  wartime  ejections  being  less  accessible.  However,  Lewis 
eventually  reported  anecdotal  data  on  ejection  injuries  described  by  returning  prisoners  of  war 
following  the  Vietnam  Conflict.70  Recent  reports  of  ejection  injuries  include  those  by  Shannon 
from  1969  to  1972,  Harrison  from  1971  to  1977,  and  annual  reports  of  USAF  ejection  statistics 
published  by  the  Air  Force  Inspection  and  Safety  Center  and  typically  presented  at  the  Survival 
and  Flight  Equipment  Association  (SAFE)  meeting.  The  results  demonstrate  a  period  of 
perceived  decline  in  survivability  that  was  related,  in  large  part,  to  increased  numbers  of  usually 
low  altitude  out-of-the-envelope  ejections  with  survival  precluded  as  a  result  of  premature  ground 
contact  before  parachute  deployment. 

With  regard  to  specific  injuries,  many  authors  have  published  on  vertebral  fracture  experience 
with  the  results  indicating  a  bi-modal  distribution  along  the  thoracolumbar  spine.  The  mid¬ 
thorax  (T5-T8)  and  the  thoracolumbar  junction  (T11-L2)  were  the  regions  most  often  injured 
with  some  aircraft  or  escape  systems  tending  to  involve  one  of  these  regions  more  than  the 
other.  Many  reports  have  demonstrated  increased  numbers  of  fractures  at  the  thoracolumbar 
junction.  Reports  by  Hearon71,  et  al  demonstrated  increased  incidence  of  fractures  in  the  mid- 
thoracic  region  for  the  F-l  1 1  escape  module. 

Limb  flail  injuries  have  been  reviewed  by  Combs  for  1967  to  1977, 72  77  by  Bclk  for  1971  to 
1978, 74  and  by  Delgado  for  1979  to  1985. 75  Combs  found  more  upper  extremity  injuries  than 
lower  extremity  injuries  with  the  injuries  including  fractures  of  long  bones  and  derangement  of 
proximal  joints.  He  believed  the  principal  mechanism  was  hyperextension  of  the  elbow, 
hyperabduction  of  the  shoulder,  and  external  rotation  for  the  leg.  Combs'  review  was  confined 
to  the  F-4  aircraft  and  noted  76  severe  injuries  in  43  cjectccs  out  of  an  overall  ejection 
population  of  399.  Bclk’s  review  included  447  open-seat  ejections  with  33  individuals  incurring 
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significant  injuries  ascribed  to  wind  flail.  Thirteen  of  these  injured  crewmembers  were  also  in 
the  F-4  population  and  overlapped  the  population  reviewed  by  Combs.  The  injuries  reported  by 
Belk  were  more  evenly  distributed  between  upper  and  lower  extremity.  This  is  noteworthy  since 
the  F-4  includes  an  active  leg  restraint  mechanism,  while  some  of  the  other  aircraft  included  in 
the  population  reviewed  by  Belk  were  not  so  equipped.  Again,  Belk's  data  related  largely  to 
fractures  of  long  bones  with  dislocations  or  derangements  of  m^jor  joints,  typically  the  shoulder, 
elbow  or,  less  commonly,  the  knee.  Delgado  found  that  the  mean  ejection  air  speed  decreased 
during  the  first  half  of  the  1980s  with  a  corresponding  decline  in  limb  flail  ir\jury  incidents. 
Delgado's  data  does  not  overlap  with  that  of  Belk.  He  analyzed  433  ejections  involving  open- 
seat  systems  in  which  the  airspeed  and  injury  cause  was  reasonably  well  known  and  in  which 
fata)  injuries  were  less  than  extreme.  Of  293  ejections,  13  limb  flail  injuries  were  noted,  all 
occurring  at  speeds  in  excess  of  300  knots.  Of  those  injuries  occurring  in  the  F-4,  all  were  of 
the  upper  extremity.  Once  again,  the  injuries  reviewed  by  Delgado  appeared  to  largely  involve 
long  bones  or  proximal  joints. 

A  particularly  intriguing  article  by  Shannon  in  1971  reported  ejection  experience  in  the  SR- 
71 . **  Only  six  SR-71  ejections  were  approved  for  public  release.  Four  of  these  involved 
ejections  in  the  supersonic  regime  with  one  at  9,000  feet  at  Mach  1 .2,  another  at  30,000  feet  at 
Mach  1.4,  and  two  at  78,000  feet  at  a  speed  in  excess  of  Mach  3.0.  Two  thoracic  compression 
fractures  were  noted.  There  was  one  fatality  among  these  four,  which,  according  to  Shannon, 
was  unrelated  to  the  function  of  the  escape  system  or,  apparently,  the  dynamic  environment 
imposed  during  the  escape. 

Reports  of  ejection  injury  experience  have  proven  difficult  to  interpret  in  part  because  of  the 
wide  variety  of  systems  employed  and  the  difficulty  in  assigning  specific  mechanisms. 
Furthermore,  accident  board  reports  list  injuries  at  various  levels  of  detail  from  accident  to 
accident.  Some  fatalities,  for  example,  are  coded  as  "multiple,  extreme"  in  circumstances  of 
premature  ground  contact  prior  to  parachute  deployment,  Other  boards  may  detail  the  injuries 
by  body  region  even  when  high  speed  ground  contact  occurs,  Therefore,  it  is  difficult  to  assess 
the  significance  of  individual  entries  in  some  Injury  lists,  particularly  when  fatalities  are 
included.  It  is  extraordinarily  difficult  to  select,  from  among  the  fatalities,  those  which  had  a 
single  "but  for  this"  type  of  Injury  which  represents  a  practically  preventable  fatality.  Other 
difficulties  in  this  data  Include  the  experience  with  older  systems  which  employed  different 
parachute  opening  and  seat-man  separation  techniques  that  exposed  crewmembers  to  increased 
risk  of  injury  due  to  poor  alignment  at  parachute  opening  and  due  to  potential  seat  strikes 
following  parachute  opening. 

Nevertheless,  it  is  clear  that  injuries  of  significance  to  ejecting  crewmen  include  injuries  to  the 
head,  neck,  thoracolumbar  spine,  and  extremities.  Injuries  to  the  chest  and  abdomen,  while 
occasionally  being  observed  In  survivors,  appear  relatively  rare  by  comparison  to  the  other 
groups. 
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Serious  Injury  occurrence  During  Various  Phases  of  the  Escape 

As  a  foundation  for  the  current  study,  it  was  considered  necessary  to  attempt  to  update  the 
experience  with  ejection  injury  with  a  view  toward  defining  injuries  of  current  potential 
significance  and  assessing  trends  for  the  future.  Therefore,  a  review  was  instituted  using  data 
from  a  variety  of  US  Air  Force  aircraft  since  197S.  The  material  for  this  review  was  made 
available  by  the  Air  Force  Inspection  and  Safety  Center  and  included  620  escaping  crewmembers 
in  six  basic  categories  of  aircraft  as  presented  in  Table  3.  Over  half  of  the  ejections  were  from 
variants  of  the  F-4  using  Martin  Baker  escape  systems  with  lower  extremity  restraints.  Eighty- 
three  of  the  crewmembers  used  an  ejection  module,  the  vast  majority  in  variants  of  the  F-ll  1. 
The  remainder  of  the  ejections  were  in  various  versions  of  the  ACES  II  seat  in  the  A- 10,  B-1B, 
F-15,  and  F-16.  Eleven  of  the  ejections  in  these  aircraft,  however,  used  an  earlier  version  seat 
!  nown  as  the  Escapac  installed  in  early  production  runs  of  the  A- 10  and  F-15. 


TABU  3  -  *20  USAF  ESCAPE  SYSTEM  USERS 


ADtCRAFf  CATBOORV 

Escapes 

TIME  PERIOD  : 

A- 10  (3  with  Escapac) 

34 

From  1975  to  1991 

B-1A  and  B-1B 

15 

From  1975  to  1991 

F-4C,  D,  DC,  E,  G,  RF-4C,  and  E 

328 

From  1976  to  1991 

F-15  including  B,  C,  and  D  (8  with  Escapac) 

47 

From  1975  to  1991 

F-16  including  B,  C,  and  D 

116 

From  1975  to  1991 

F-111A,  D,  E,  and  F 

80 

From  1976  to  1991 

Of  the  620  crewmembers  escaping,  394  sustained  less  than  serious  injury,  representing  64%. 
There  were  126  fatalities  (20%)  and  100  major  injuries  (16%).  A  total  of  1,873  injuries  were 
reported  ranging  in  significance  from  minor  to  fatal.  These  injuries  were  reviewed  by  an 
experienced  flight  surgeon  who  made  approximate  estimates  of  minimum  injury  severity  on  a 
scale  as  shown  in  Appendix  B  and  additionally  scaled  for  an  estimate  of  potential  minimum 
operational  impairment  represented  by  the  injury.  Injuries  were  also  assigned  to  one  of  eight 
phases  in  the  escape  sequence  beginning  with  initiation  and  ending  with  ground  encounter.  An 
injury  significance  rating  was  compiled  as  a  product  of  the  injury  severity  and  operational 
impairment  ratings.  This  significance  rating  was  subjectively  modified  by  an  override  rating  to 
ensure  that  the  significance  of  injuries  to  the  neck,  back  and  extremities  were  highlighted  for 
potential  aeromedical  significance.  Injuries  of  unlikely  clinical  or  operational  significance  were 
discarded,  resulting  in  the  elimination  of  822  injuries  from  the  original  1,873.  The  resulting 
tabulation  was  grouped  by  common  injury  location  and  overall  crewmember  injury  severity 
category  and  is  presented  in  Appendix  B.  A  presumptive  assignment  of  ranges  of  Abbreviated 
Injury  Scale  (AIS)  ratings  was  also  accomplished  to  compare  with  the  more  subjectively  assigned 
clinical  and  operational  significance  assessments.  A  summary  of  the  tabulation  is  shown  here 
in  Table  4. 
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Region 

Head: 

Skull  Fracture 
Brain  Injury 
Concussion 

Neck: 

Fracture 

Sprain/Strain 

Thoracic  Spine:  Fracture 

Sprain/Strain 

Lumbar  Spine: 

i 

Fracture 

Sprain/Strain 

Back  Strain/Sprain 

Rib  Fracture 

Shoulder: 

Fracture 

Sprain/Strain 

Upper  Arm: 

Fracture 

Lower  Arm: 

Fracture 

Pelvis: 

Fracture 

Fracture 

Knee: 

Sprain/Strain 

Lower  Leg: 

Fracture 

Ankle: 

Fracture 

Sprain/Strain 

Extremity  Amputation 

Table  4  -  620  A-10,  B-l,  F-4,  F-15,  F-16  AND  F-Ill 


Significant  Injuries 

NCtUWNO  126  FaTAUTOS  •  126  FaTAUTTES  *  EXCLUDWO  126  PATAUTH3) 


Several  observations  are  necessary  in  interpreting  the  data.  The  tabulations  are  presented  with 
and  without  inclusion  of  the  injuries  listed  for  the  126  fatalities  in  the  population.  A  number  of 
the  fatalities  received  multiple,  extreme  injuries  that  were  often  tabulated  in  detail.  However, 
detailed  listings  of  injuries  received  by  crewmembers  who  impact  terrain  at  high  speed  are  not 
likely  to  be  instructive  in  defining  potential  injury  avoidance  schemes  that  presuppose  an 
operating  escape  system  with  parachute  deployment.  On  the  other  hand,  exclusion  of  the 
fatalities  in  total  also  excludes  those  more  significant  injuries  to  crewmembers  with  fatal 
outcomes  in  which  one  or  two  potentially  preventable  injuries  influence  the  fatal  outcome. 
Therefore,  the  tabulations  are  presented  both  ways,  since  it  was  not  entirely  feasible  to  exclude 
only  those  fatalities  which  were  clearly  unavoidable. 
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Another  observation  on  the  data  is  that  injury  patterns  are  heavily  driven  by  the  population  of 
aircraft  available  for  this  review.  The  experience  in  the  F-lll,  for  example,  probably  drives 
a  part  of  the  preponderance  of  thoracic  spine  fractures  over  lumbar  spine  fractures  in  this 
population.  Among  surviving  crewmembers,  25  fractures  or  dislocations  were  noted  in  the 
upper  extremity  (shoulder/upper  arm/lower  arm).  There  were  15  fractures  of  the  lower 
extremity  (pelvis/upper  leg/lower  leg/ankle).  The  F-4  leg  restraint  system  probably  influenced 
this  distribution.  Once  again,  injuries  to  the  extremities  tended  to  involve  proximal  joints,  most 
notably  the  shoulder  with  more  minor  injuries  noted  to  the  knee.  Elbow  injuries  did  not  appear 
prominently  in  the  data,  nor  did  injuries  to  the  wrist.  Among  survivors,  injuries  to  the  chest  and 
abdomen  were  relatively  uncommon. 

The  data  presented  in  Appendix  B  define  the  principal  basis  for  directing  the  injury  mechanism 
assessment  for  the  ADAM  report  to  head  injury,  neck  fracture,  thoracolumbar  spine  fracture, 
and  injuries  to  the  proximal  extremities.  The  approach  taken  on  this  basis  was  to  assess  head 
injury  in  a  generic  sense  and  fracture  limits  with  particular  attention  to  compression  loading  of 
the  spine  and  bending  loading  of  the  proximal  long  bones.  This  approach  assumes  that  effective 
protective  mechanisms  applied  for  these  structures  will  be  likely  to  reduce  the  occurrence  of  joint 
injuries  and  sprain/strain  injuries  in  the  process. 

It  can  certainly  be  argued  that  other  varieties  of  injuries  to  the  chest,  abdomen,  and  elsewhere 
can  and  do  occur.  However,  the  data  indicate  that  such  injuries  are  not  modal  and  that  the 
greatest  potential  benefit  to  the  crewmember  would  be  provided  by  successfully  addressing  the 
listed  injuries  through  improved  escape  systems  and  protective  techniques. 

Assessment  of  Additional  Relevant  Operational  Stressors 

While  it  is  anticipated  that  the  principal  use  of  the  ADAM  manikin  will  be  for  testing  of  ejection 
seats  and  other  escape  systems,  provisions  should  also  be  considered  for  applications  involving 
other  operational  stresses.  Examples  could  include  tests  simulating  loads  placed  upon  the 
occupant  of  an  aircraft  experiencing  crash  loading  or  assessment  of  the  effects  of  forces  imposed 
in  birdstrike  or  canopy  loss  without  ejection.  Some  of  these  settings  may  not  require  the  unique 
articulated  joint  motions  available  with  ADAM.  However,  it  is  conceivable  that  the 
instrumented  capability  that  ADAM  represents  might  well  be  exploited  in  a  variety  of  related 
settings. 

In  any  such  application,  consideration  should  be  given  to  the  problem  of  validation  of  ADAM 
as  a  response  model  in  the  anticipated  environments.  Even  in  the  open  ejection  seat  application, 
validation  is  expected  to  present  a  significant  problem  in  areas  such  as  the  parachute  landing  fall. 
For  an  alert  crewmember,  parachute  landing  fall  dynamics  are  significantly  modified  by  the 
action  of  voluntary  muscle  groups.  A  parachute  landing  fall  with  the  current  ADAM  would 
necessarily  represent  a  passive  surrogate.  Even  when  considering  the  parachute  landing  fall  of 
an  unconscious  crewmember,  no  dynamic  data  has  been  found  against  which  ADAM 
performance  might  be  validated  as  comparable  to  ground  impact  behavior  of  an  unconscious 
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human.  Application  of  ADAM  to  these  conditions  involves  the  hazards  always  attendant  to  the 
use  of  a  model  in  areas  for  which  it  has  not  been  validated  and  is,  therefore,  not  recommended. 

For  purposes  of  arriving  at  other  candidate  injuries  for  criteria  development,  it  will  be  necessary 
to  make  certain  assumptions  about  the  environments  that  might  be  contemplated.  Specifically, 
the  injury  criteria  will  not  be  addressed  in  this  study  for  penetrating  injury  hazards  or  for 
localized  impacts  to  soft  tissue  or  to  an  unhelmeted  head.  Instead,  injury  criteria  are  being 
addressed  that  relate  to  the  kinds  of  forces  expected  in  whole  body  acceleration  events  where  the 
forces  are  applied  by  seat  surfaces,  restraint  systems,  aerodynamic  forces  and  similar 
circumstances.  Therefore,  injury  hazards  associated  with  canopy  fragments,  penetrating 
impactors,  thermal  stresses,  or  pressure  changes  will  not  be  addressed.  In  addition,  it  is 
anticipated  that  injuries  of  interest  for  ADAM  tests  will  be  those  that  would  occur  in  otherwise 
survivable  kinds  of  circumstances.  Therefore,  high  speed  impact  with  terrain  prior  to  parachute 
deployment  would  represent  a  circumstance  that  would  not  benefit  from  careful  discrimination 
of  various  injury  tolerances. 

Provision  has  been  addressed,  however,  for  examination  of  injury  produced  in  vehicular  crash 
loading  to  address  automotive  and  US  Army  vehicular  applications.  Specifically,  these  injuries 
involve  similar  mechanisms  related  to  head,  neck,  and  thoracolumbar  spine.  However, 
extremity  injury  mechanisms,  particularly  for  the  femur,  more  commonly  involve  axial  loading 
with  bending  rather  than  the  more  typical  bending  loads  around  ejection  seat  surfaces  during 
flail.  Therefore,  extremity  injuries  to  long  bones  will  be  addressed  with  attention  to  axial  load 
as  well  as  to  bending  loads. 

Definition  of  Selected  Injury  Mechanisms  by  Body  Region 

It  is  clear  that  far  more  potential  injury  mechanisms  exist,  even  for  the  regions  identified  in  the 
foregoing  section,  than  can  be  reasonably  addressed  by  meaningful  injury  criteria  using  an 
instrumented  ATD.  Some  subset  of  injury  types  must  be  defined  that  represents  hazards  of 
significance  in  the  operational  setting  and  that  is  amenable  to  instrumentation  and  injury  criterion 
development.  Based  upon  the  foregoing  examination  of  escape  injury  experience,  potential 
injury  types  and  injury  mechanisms  were  examined  for  the  identified  anatomical  regions  and 
candidate  injuries  for  criterion  development  were  selected.  Literature  bases  and  operational  data 
were  examined  and  the  injury  mechanism(s)  selected  on  a  rational  basis.  The  approach  used  in 
the  selection  will  be  exemplified  by  the  examination  of  selected  injury  mechanisms  for  the  head. 

Head 

An  extensive  literature  exists  on  head  injury,  dating  back  for  hundreds  of  years.  Various 
schemes  have  been  devised  to  categorize  and  describe  head  injury  mechanisms  that  can  include 
injuries  to  any  of  the  variety  of  tissue  types  present  within  the  human  head. 

One  frequently  encountered  classification  basis  separates  penetrating  from  non-penetrating 
injuries.  By  their  nature,  penetrating  injuries  are  localized  events.  They  may  produce 
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significant  attendant  accelerations,  but  their  principal  characteristics  relate  to  the  localized  nature 
of  their  effects.  This  is  not  a  suitable  injury  for  assessment  with  an  instrumented  ATD  since  the 
location  of  the  penetrating  force  must  either  be  known  in  advance  or  the  surface  of  the  head 
must  be  instrumented  in  a  fashion  to  discriminate  localized  stresses  at  any  point.  Furthermore, 
the  escape  injury  experience  would  appear  to  indicate  that  penetrating  injuries  of  the  head  are 
relatively  rare  in  otherwise  survivable  escape  events.  Therefore,  injury  criterion  development 
will  be  pursued  for  the  head  only  for  those  events  resulting  in  non-penetrating  head  injury. 

Other  classification  schemes  have  been  based  upon  discriminating  head  acceleration  events 
produced  by  neck  loads  without  head  impact  from  events  involving  proximate  impact  of  the  head 
against  an  external  physical  object.  Clearly,  injury  can  be  produced  to  the  interior  of  the  head 
through  either  mechanism.27  However,  the  fact  remains  that  for  the  vast  majority  of 
operationally  relevant  head  injuries,  a  head  impact  occurs.  Therefore,  the  approach  for  injury 
criterion  development  will  center  upon  head  injuries  produced  by  some  proximate  head  impact. 
In  this  case,  however,  it  is  not  necessary  to  eliminate  from  consideration  those  sudden  head 
acceleration  events  in  which  proximate  impact  docs  not  occur  since  some  of  the  injury 
mechanisms  may  be  similar  and  the  instrumentation  developed  for  proximate  impact  events  will 
also  provide  useful  data  in  circumstances  of  whole  body  acceleration.  The  critical  distinction 
is  that  the  proximate  impact  must  be  one  in  which  the  effects  are  generalized  in  nature  rather 
than  localized  (as  in  the  case  with  the  previously  rejected  penetrating  head  trauma).  Fortunately, 
this  is  not  an  unreasonable  limitation  in  the  operational  case  since  we  may  assume  impact  to  a 
helmeted  head  in  the  majority  of  circumstances.  Necessarily  eliminated  from  these 
considerations  would  be  effects  of  localized  impact  to  the  face  with  damage  to  facial  structures 
since  these  injuries  are  not  amenable  to  the  kinds  of  generalized  instrumentation  available  for 
ADAM.  Some  facial  impact  assessment  approaches  have  been  developed, 2M*10  but  these 
approaches  are  not  recommended  for  ADAM  based  on  the  operational  ejection  experience  data. 

Distinctions  have  also  been  made  between  the  kinds  of  acceleration  and  motion  imposed  by  a 
head  impact.  Specific  differences  in  injury  mechanism,  resulting  injury  type,  and  injury 
sensitivity  have  been  pointed  out  by  various  authors  depending  upon  whether  the  imposed 
acceleration  is  translational  or  angular.1112  Others  have  defined  three  types  of  acceleration, 
including  translational,  angular  acceleration  along  a  curved  path  with  some  rotation,  and  pure 
rotational  acceleration  involving  no  translational  motion  of  the  center  of  mass.11  While  these 
different  kinds  of  acceleration  have  physical  meaning  and  can  by  seen  in  pure  forms,  real  world 
head  impacts  rarely,  if  ever,  involve  pure  translational  or  pure  rotational  acceleration  in 
isolation.  In  general,  all  head  impact  events  result  in  some  acceleration  of  the  center  of  mass 
of  the  head  and  some  rotation  about  that  center  of  mass.  Exceptions  might  include  specialized 
forms  of  crush  injury,  but  any  garden-variety  head  impact  will  likely  result  in  some  acceleration 
of  the  center  of  mass  and  some  rotation.  These  may  occur  in  various  proportions  and  have 
different  effects,  but  any  meaningful  Injury  criterion  development  based  upon  currently  available 
literature  must  include  assessment  of  both  translational  acceleration  and  rotational  acceleration 
in  combination. 
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Other  historical  mechanisms  of  categorizing  head  injury  include  various  categorization  schemes 
based  upon  the  type  of  injury  rather  than  the  type  of  stress.  Attempts  have  been  made  to  not 
only  organize  the  various  types  of  injuries,  but  also  to  associate  them  with  one  or  more  of  the 
typical  stressors  that  more  commonly  produce  a  given  type  of  injury.  A  typical  categorization 
scheme  by  injury  type  might  begin  with  extracranial  injury  such  as  hematoma  or  laceration  to 
the  scalp.  This  type  of  injury  would  not  be  considered  amenable  to  development  of  injury 
criteria  for  ADAM. 

At  the  next  level,  injury  to  the  cranial  vault  in  the  form  of  skull  fracture  is  also  not  a  likely 
injury  type  for  criterion  definition  for  the  following  reasons.  Many  varieties  of  skull  fracture 
involve  rather  localized  stresses  to  the  cranial  vault.  Even  when  the  stresses  are  less  localized, 
'uch  as  impact  with  a  flat  plate,  the  susceptibility  to  fracture  varies  significantly  depending  upon 
the  area  of  the  cranial  vault  receiving  the  impacting  contact.  A  more  compelling  reason  for  not 
centering  upon  skull  fracture  as  a  principal  injury  mechanism  for  criterion  development  is  the 
relative  lack  of  association  between  skull  fracture  and  the  significance  of  the  resulting  injury  to 
the  victim.  An  exception  to  this  may  be  noted  with  epidural  hematoma  that  is  often  associated 
with  skull  fracture,  but  the  general  lack  of  association  remains  true  in  that  the  clinical  outcome 
of  a  given  head  injury  rarely  is  determined  to  a  significant  degree  by  whether  a  skull  fracture 
(non-penetrating)  is  present  or  not. 

Moving  further  into  the  head,  the  next  typical  injury  receiving  attention  i:  the  intracranial  but 
extracerebral  hematoma.  This  may  include  epidural  or  subdural  hematomas  and,  in  a  general 
sense,  also  include  subarachnoid  hemorrhage.  These  are  clearly  significant  injuries  to  the  victim 
and  worthy  of  attention.  The  mechanics  of  this  type  of  injury  have  also  been  reviewed.14 
However,  it  remains  difficult  to  consistently  and  uniquely  relate  the  occurrence  of  extracerebral 
hematomas  to  measurable  physical  parameters  from  the  inciting  impact.  Similarly,  with 
intracerebral  hematomas,  or  bleeding  into  the  brain  parenchymal  tissue,  these  may  occur  at  the 
site  of  impact  (coup  injury),  opposite  the  site  of  impact  (contrecoup  injury),  or  diffuse  or  deeply 
located  intracerebral  hematomas  apparently  related  to  localized  concentrations  of  shear  stresses 
possibly  as  a  result  of  interacting  shock  waves  or  from  stress  concentration  points. 

More  generalized  injuries  include  cerebral  contusions  that  may  be  localized  or  diffuse  and  diffuse 
axonal  injury  related  to  disruption  of  nerve  cells  or  cell  processes  at  a  variety  of  scattered 
locations  through  large  areas  of  brain  tissue. 

Clearly,  any  meaningful  injury  criterion  related  to  head  injury  must  provide  some  discrimination 
between  the  likelihood  or  unlikelihood  of  the  intra-  and  extracerebral  hematomas,  cerebral 
contusions,  and  diffuse  axonal  injury.  The  difficulty  in  defining  criteria  relates  to  the  sensitivity 
of  these  injuries  to  various  combinations  of  translational  and  angular  acceleration  as  well  as  to 
the  differences  in  threshold  levels  for  these  injury  types.  Therefore,  it  may  appear  unlikely  to 
be  able  to  define  a  single  approach  to  a  head  injury  criterion  that  would  relate  to  any  or  all  of 
the  significant  internal  injury  mechanisms. 
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What  at  first  might  appear  to  be  a  further  complication  relates  to  the  fact  that  functional 
disturbances  in  brain  processes  may  occur  with  or  without  observable  anatomic  injuries  of  the 
types  described  above.  The  diagnosis  of  concussion  is  the  typical  description  applied  to  such 
a  functional  interruption.  Examination  of  the  escape  injury  experience  and  common  experience 
would  appear  to  dictate  that  if  an  injury  criterion  was  defined  for  head  injury  such  that  functional 
disruption  of  brain  processes  was  discriminated,  such  a  discrimination  would  also  define  typical 
tolerable  levels  with  respect  to  the  anatomically  defined  injury  types  outlined  above.  In  other 
words,  if  a  given  impact  event  could  be  demonstrated  to  be  tolerable  with  regard  to  functional 
disruption  such  as  concussion,  it  should  be  operationally  less  likely  to  result  in  significant  risk 
in  a  helmet- wearing  crewmember  for  the  intracranial  hematomas,  cerebral  contusions,  or  diffuse 
axonal  injury.  In  fact,  skull  fracture  would  probably  be  less  likely  as  well. 

The  foregoing  rationale  may  appear  to  be  contradicted  by  data  which  show  intracranial 
kinematics  without  concussion  for  pure  translational  impact  and  concussion  without  intracranial 
injury  for  pure  rotational  stress.  However,  in  real-world  head  impacts,  both  translational  and 
rotational  stress  are  applied  simultaneously.  Functional  disruption  is  commonplace.  Functional 
disturbance  with  anatomic  disruption  is  also  frequent.  Significant  anatomic  disruption  without 
functional  disturbance  is  less  common  but  may  occur  with  epidural  hematoma  in  particular.  The 
chosen  injury  criterion  needs  to  discriminate  an  operationally  relevant  transition  in  stress  severity 
and,  therefore,  should  operate  on  functional  disturbance  where  it  occurs  first  with  increasing 
stress.  The  criterion  should  also,  however,  discriminate  the  various  forms  of  anatomic 
disruption  where  they  occur  before  functional  disturbance  for  certain  types  of  stress.  It  may  be 
that  the  demonstrated  relationship  of  concussion  to  rotational  acceleration  stress  implies  that 
concussion  is  more  related  to  a  brainstem  effect  than  to  the  cerebral  hemispheres.  Nevertheless, 
the  chosen  criterion  should  address  both  regions. 

For  these  reasons  and  for  operational  impairment  considerations,  it  was  decided  to  select  for 
injury  criterion  development  those  head  injuries  resulting  it:  cerebral  concussion  as  a  result  of 
combined  translational  and  rotational  acceleration  produced  by  proximate  impact  to  a  helmeted 
head  without  significant  localized  effects.  Where  overlaps  occur  in  stress  sensitivity  such  that 
significant  risk  of  intracranial  injury  without  concussion  might  be  present,  the  proposed  criterion 
should  be  defined  at  such  a  level  that  intracranial  injury  would  also  be  discriminated. 

In  effect,  therefore,  the  injury  criterion  being  proposed  might  relate  to  different  anatomical 
injuries  depending  upon  the  particular  combination  of  translational  and  rotational  acceleration 
being  imposed  or  depending  upon  the  frequency  characteristics  of  the  impacting  pulse.  While 
such  an  injury  criterion  may  not  be  as  clinically  precise  as  could  be  desired,  it  certainly  appears 
to  be  the  most  operationally  relevant.  Such  injuries  as  those  defined  in  the  escape  injury 
experience  study  would  be  addressed,  including  concussion  and  anatomic  intracranial  injury, 
provided  that  the  injury  mechanism  was  not  highly  localized. 
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Neck 


The  injury  mechanisms  for  the  cervical  spine  are  bending  moments  (flexion,  extension  and 
lateral  bending  moments),  rotational  moments,  axial  loads  (compression,  tension)  and  shear 
loads.  Bony  injuries  of  the  cervical  spine  are  usually  due  to  a  combination  of  injury 
mechanisms,  one  of  which  is  usually  axial  compression.35  The  specific  injury  mechanism  is 
usually  determined  by  the  head-neck-torso  orientation  at  the  time  that  impact  loads  or  inertial 
loads  are  transmitted  to  the  neck. 

Non-contact  soft  tissue  cervical  injuries  are  the  result  of  rapid  bending  of  the  neck.  The  bending 
can  be  a  flexion,  extension  or  lateral  motion.  During  rapid  bending,  tension  forces  develop  in 
the  convex  side  of  the  neck  and  compression  forces  develop  in  the  concave  side.  With  violent 
enough  motion,  muscle,  ligament  and  joint  damage  can  occur.  Present  theories  relate  these 
injuries  to  the  translational  and  rotational  velocity  of  the  head  relative  to  the  torso.34,37 

The  most  common  type  of  fracture  is  the  flexion  type,  which  is  frequently  associated  with 
compressive  loads.  The  combination  of  flexion  bending  and  compression  usually  produces  a 
lower  cervical  spine  injury.38  A  frequent  fracture  with  this  loading  is  the  wedge  fracture,  a 
collapse  of  the  anterior  part  of  the  vertebral  body,  that  usually  occurs  in  C5-T1.  The  wedge 
fracture  is  often  clinically  benign  when  there  is  no  compression  of  the  soft  tissue  and  no 
displacement  of  the  vertebral  column.  Compression  fractures  also  include  fractures  of  the 
vertebral  body  margins  and  cleavage  fractures  of  the  vertebral  body.39 

In  some  flexion  injuries  there  may  be  fractures  of  the  spinous  processes,  caused  by  tension 
forces  transmitted  through  the  interspinal  and  supraspinal  ligaments,  and  disruption  of  these 
ligaments  due  to  high  tensile  forces.  Disruption  of  the  supporting  posterior  ligaments  may  lead 
to  an  anterior  dislocation  (or  subluxation)  of  the  cervical  spine.  Dislocation  of  the  cervical  spine 
can  result  in  unilateral  or  bilateral  locked  facets  if  sufficient  energy  is  available  to  disrupt  the 
facet  joints  and/or  slide  the  inferior  facet  of  the  superior  vertebral  body  over  the  top  of  the 
superior  facet  of  the  inferior  vertebral  body.  Anterior  dislocation  may  be  very  unstable  and  can 
cause  severe  neurological  damage. 

Typical  hyperextension  fractures  are  compression  fractures  of  the  vertebral  arch  components  of 
one  or  more  vertebrae  caused  by  axial  compressive  loading  when  the  cervical  spine  is  in 
extension.  During  the  hyperextension,  high  tensile  loads  on  the  anterior  longitudinal  ligament 
can  pull  a  chip  of  bone  off  an  anterior  edge  of  the  vertebra,  a  fracture  that  is  called  a  teardrop 
fracture35  (not  to  be  confused  with  the  anterior  wedge  fracture  that  is  also  sometimes  called  a 
teardrop  fracture).38  If  the  forces  are  sufficient,  the  anterior  longitudinal  ligament  may  tear 
resulting  in  a  dislocation.39 

The  hangman’s  fracture  is  caused  by  an  extension  moment  acting  on  the  upper  cervical  spine  that 
is  usually  the  result  of  a  force  acting  on  the  head.  The  resulting  fracture  separates  the  anterior 
from  the  posterior  elements  of  C2  and  may  disrupt  the  C2-C3  disc.38 
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In  lateral  bending,  the  facets  on  the  concave  side  undergo  compression  and  those  in  the  convex 
side  undergo  tension.  Facets  on  the  compression  side  can  fracture  and  facets  on  the  tension  side 
can  undergo  a  tearing  separation. 

Excess  rotation  of  the  neck  generates  a  moment  around  the  longitudinal  axis  of  the  neck  that 
does  not  commonly  produce  injury,  probably  because  the  neck  can  rotate  approximately  40° 
before  any  appreciable  moment  develops.40  It  has  been  noted  that,  in  conjunction  with 
hyperflexion  or  hyperextension,  rotation  increases  the  possibility  of  dislocation.41 

High  levels  of  axial  loading  of  the  cervical  spine,  usually  with  the  spine  in  a  relatively  straight 
configuration  (with  the  natural  lordosis  removed)  can  result  in  a  burst  fracture,  a  comminuted 
compression  fracture  of  the  vertebral  body.  Bone  fragments  from  the  fractured  vertebrae  may 
enter  the  canal  and  result  in  neurologic  deficit.  Axial  loading  on  the  neck,  probably  with  the 
neck  straight  or  in  a  slight  amount  of  extension,42  can  produce  a  Jefferson  fracture,  a  fracture 
of  the  arch  of  Cl.  The  arch  of  Cl  fractures  when  the  downward  driven  occipital  condyles  act 
as  a  wedge,  causing  the  ring  of  Cl  to  spread  and  burst  apart.18 

Shear  injuries  to  the  neck  come  in  two  basic  forms.  In  the  first,  a  direct  blow  to  the  head 
produces  high  shear  levels  at  the  upper  neck  that  fracture  the  dens  (odontoid).  These  fractures 
are  usually  the  result  of  shear  and  some  vertical  compression.42  Displacement  of  the  dens  is 
possible,  and  if  it  impinges  on  the  cord  the  result  can  be  rapid  death.  Direct  impact  of  a  surface 
into  the  neck  can  create  high  levels  of  shear  that  can  result  in  dislocation  or  transection  of  the 
spinal  cord  at  the  impact  site. 

In  the  620  surveyed  USAF  ejections,  38  neck  fractures  occurred  (6%)  and  were  attributed  to  the 
ejection  phase,  emergence  phase,  man-seat  separation  phase,  and  the  parachute-deployment 
phase.  Only  eight  fractures  occurred  among  survivors  (less  than  2%).  There  were  65  injuries 
categorized  as  neck  strain/sprains.  The  data  indicate  that  neck  injuries  attributed  to  the  ejection 
phase  were  not  typically  associated  with  fatalities,  while  neck  injuries  attributed  to  the  other 
three  phases  were  more  often  associated  with  fatalities.  Neck  fracture  is  a  reasonable  candidate 
for  a  "but  for  this"  determinant  of  fatality,  with  fractures  attributed  to  fatalities  in  otherwise 
survivable  events. 

The  ejection  phase  is  typically  characterized  by  axial  loading  and  hyperflexion  of  the  neck.  Five 
of  the  eight  cervical  compression  fractures  among  the  survivors  were  attributed  to  this  phase. 
Only  one  additional  fracture  in  this  phase  was  associated  with  a  fatality.  By  definition, 
compression  fractures  include  wedge  fractures  (simple  compression  fracture)  and  burst  fractures 
(comminuted  compression  fracture).  Since  burst  fractures  often  create  significant  cord  damage 
through  the  posterior  movement  of  vertebral  fragments  into  the  spinal  canal,  burst  fractures  are 
less  likely  to  be  represented  under  the  compression  fracture  heading.  Therefore  most 
compression  fractures  attributed  to  the  ejection  phase  probably  represent  anterior  wedge 
fractures. 
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The  emergence  phase  is  characterized  by  inertial  forces  produced  by  the  rocket  motor  thrust  and 
forces  generated  by  windblast.  In  the  emergence  phase  the  neck  fracture/dislocations  are 
presumed  to  be  due  to  the  combination  of  these  inertial  and  windblast  forces  that  act  on  the 
head.  These  fracture  dislocations  were  always  associated  with  fatalities  in  the  surveyed  sample. 
The  windblast  forces  are  thought  to  produce  rapid  motion  of  the  head  relative  to  the  torso,  as 
well  as  distraction  (tension)  and  bending  forces  in  the  neck. 

All  of  the  neck  injuries  attributed  to  the  man-seat  separation  phase  are  apparently  related  to 
impacts  with  the  seat.  This  scenario  has  the  crewman  leave  the  seat  and  then  have  a  section  of 
the  seat  strike  the  head  or  neck,  often  after  the  parachute  slows  the  crewman.  Most  of  the 
presumed  man-seat  separation  neck  injuries  were  associated  with  fatalities. 

All  of  the  presumed  parachute  deployment  injuries,  except  the  single  sprain/strain  injury,  are 
thought  to  be  due  to  parachute  opening  shock,  sometimes  involving  entanglement  with  the 
parachute  risers.  Neck  injuries  in  this  phase  were  associated  with  fatalities  in  the  surveyed 
sample. 

The  most  frequent  injuries  are  fractures  and  strain/sprains.  Strains/sprains  are  not  as  significant 
medically  or  operationally,  nor  are  they  as  predictable,  and  no  criteria  will  be  proposed.  Injury 
criteria  are  proposed  for  the  neck  fracture  based  on  axial  compression  or  tension  with  bending, 
rotation,  or  shear.  Direct  contact  injuries  from  seat  strikes  to  the  neck  are  localized  stress 
injuries  considered  to  be  beyond  the  scope  of  this  effort. 


Thoracolumbar  Spine 

The  injury  mechanisms  for  thoracolumbar  spine  are  similar  to  those  of  the  neck,  i.e.,  shear  and 
axial  loads  as  well  as  bending  and  rotational  moments.  Axial  tension  injury  is  probably  less 
common.  The  relative  significance  of  each  injury  mechanism  varies  with  the  involved  anatomy. 
For  instance,  the  thoracic  spine,  having  a  pair  of  ribs  associated  with  each  vertebral  body  level, 
enjoys  a  structural  stability  not  found  in  either  the  cervical  or  lumbar  spine.  Therefore,  dividing 
the  thoracolumbar  spine  into  segments  appears  to  be  advantageous  in  separating  injury 
mechanisms  or  for  modeling  purposes.43  44  45 

Disregarding  contact  injuries,  thoracolumbar  soft  tissue  injuries  are  created  by  either  rapid 
rotation,  flexion,  extension,  or  lateral  bending.  Since  compression  of  muscle,  ligament,  or 
tendon  tends  not  to  be  injurious,  it  is  more  common  that  rapidly  applied  tension  to  these 
structures  creates  sprains,  strains,  or  macroscopic  tears.  Subsequent  hemorrhage  or  edema  may 
secondarily  create  injury  to  spinal  cord,  nerve  roots,  or  exiting  nerves.  Loss  of  integrity  of  the 
bony  spinal  canal,  of  course,  invites  direct  injury  to  the  spinal  cord;  however,  cord  injury  is 
subsequent  to  the  primary  skeletal  event  and  therefore  plays  a  lesser  role  in  injury  criterion 
definition. 
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Fractures  encountered  in  the  thoracolumbar  spine  are  predominantly  from  compressive  loading 
with  flexion.  The  result  is  either  a  burst  fracture  from  pure  axial  loading  or  an  anterior  wedge 
compression  fracture  from  a  combination  of  axial  and  flexion  loading.  Fractures  from 
hyperextension  are  rare.  The  levels  at  greatest  risk  from  bottom  loading  appear  to  be  the  T-l  1 
through  L-2  segments,  the  transition  zone  between  the  thoracic  and  lumbar  spine.4*-*7  Other 
levels  found  to  be  at  risk  in  certain  systems  include  the  mid-thoracic  region  from  about  T-5  to 
T-8.  These  fractures  also  tend  to  be  anterior  wedge  compression  fractures  and  may  relate  to 
stress  concentration  in  this  region  produced  by  forces  applied  through  the  shoulders  in 
conjunction  with  axial  or  horizontal  inertial  loading  of  a  partially  flexed  spine.21  Associated 
posterior  spinous  process  avulsion  fractures  as  well  as  disruption  of  posteriorly  located  ligaments 
may  be  seen  with  flexion  mechanisms,  whereas  injury  to  anterior  and  posterior  longitudinal 
ligaments  may  be  noted  with  burst  fractures.  In  the  lumbar  spine,  lateral  bending  mechanisms, 
in  addition  to  creating  wedge  compression  fractures,  may  also  be  responsible  for  fracturing 
transverse  spinous  processes  through  tension  generated  in  interspinal  ligaments  or  in  tendinous 
attachments  from  major  muscle  groups. 

Shear  loads  applied  in  a  localized  manner  to  the  thoracolumbar  spine  may  create  fracture 
dislocations  at  a  given  vertebral  level  and,  if  of  sufficient  magnitude,  may  yield  paraplegia  or 
paraparesis  from  associated  spinal  cord  injury. 

The  ejection  experience  data  indicates  101  thoracic  spine  fractures  and  28  lumbar  spine  fractures 
for  a  total  of  139  thoracolumbar  spine  fractures  among  494  survivors.  Some  survivors  had  more 
than  one  fracture.  This  represents  the  most  common  regional  injury  encountered  among  the 
surviving  crewmembers  in  the  survey.  In  general,  the  majority  of  escape-related  thoracolumbar 
spine  injuries  tend  to  be  of  the  less  clinically  significant  type,  rarely  presenting  initially  with 
neurologic  sequelae.  Rather,  these  injuries  are  typically  modest  anterior  wedge  compression 
fractures  such  as  typically  occur  spontaneously  with  advancing  age  and  accumulated 
microtrauma.  Nevertheless,  some  fractures  can  be  not  only  painful,  but  some  also  do  result  in 
longer  term  disability.  The  eventual  outcome  over  the  long  term  has  not  been  well-studied. 
Therefore,  injury  mechanisms  to  be  addressed  by  the  thoracolumbar  spine  will  concentrate 
principally  on  fracture  relating  to  axial  load  with  various  degrees  of  bending  or  rotation. 

Chest  and  Abdomen 

The  chest  and  abdomen  contain  vital  organs  of  significance  in  surviving  mechanical  trauma. 
Injuries  to  the  chest  can  involve  damage  to  the  external  structure,  including  the  skin,  muscles, 
and  rib  cage,  as  well  as  damage  to  the  protected  internal  organs  which  include  the  heart,  great 
vessels,  and  lungs.  The  abdomen  does  not  afford  overall  protection  from  a  similar  bony 
protective  cage.  Therefore,  injury  to  the  abdomen  externally  involves  basically  skin  and  muscle 
groups.  However,  internal  injury  can  occur  to  the  liver  or  spleen,  both  of  which  are  protected 
under  the  lower  border  of  the  thoracic  rib  cage,  as  well  as  less  well  protected  organs  such  as  the 
stomach  and  intestines.  The  duodenum,  kidneys,  and  pancreas  typically  are  afforded 
intermediate  levels  of  protection  based  upon  their  deep  locations  and  protection  from  posterior 
structures,  including  lower  ribs,  spine,  and  large  muscle  groups. 
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Fortunately,  chest  and  abdominal  injuries  are  relatively  rare  among  crewmembers  ejecting  from 
aircraft.  Extensive  chest  and  abdominal  injury  is,  of  course,  often  seen  in  high  speed  ground 
contact  among  fatalities  who  were  not  afforded  an  open  parachute.  Among  survivors,  chest 
injuries  in  our  sample  were  largely  represented  by  four  occurrences  of  rib  fractures  among  494 
survivors.  By  contrast,  IS  heart  lacerations  or  ruptures  were  noted  among  the  fatalities. 
Abdominal  injuries  also  were  uncommon  among  survivors.  Historically,  chest  and  abdominal 
injury  has  been  noted  among  survivors  of  certain  high  speed  ejection  events,  but  once  again  they 
do  not  appear  to  be  modal  injuries. 

The  other  noteworthy  characteristic  about  injuries  to  the  chest  and  abdomen  is  that  they  tend  to 
be  somewhat  localized.  Therefore,  they  do  not  lend  themselves  as  well  to  the  definition  of 
injury  criteria  using  regionally  measured  accelerations  or  forces.  For  these  reasons,  specific 
criteria  will  not  be  addressed  in  the  current  study  for  chest  and  abdominal  injury.  However, 
some  attention  will  be  devoted  in  the  section  on  injury  criteria  to  some  general  observations 
related  to  injury  probability  assessment  for  these  regions. 

Upper  and  Lower  Extremities 

The  injury  mechanisms  for  the  extremities  are  rotational  moments  (torsion)  plus  shear  and 
bending  loads  as  well  as  axial  compression  or  tension  loads.  Axial  loading  needs  to  be 
addressed  in  particular  for  the  knee-femur-hip  complex.4*49  Because  localized  injuries  to  the 
very  distal  aspects  of  the  limbs  can  be  even  more  varied  than  the  long  bone  portions,  injury 
mechanisms  for  the  hand/wrist  and  foot/ankle  complexes  will  be  considered  beyond  the  scope 
of  this  endeavor.  Furthermore,  injuries  to  the  distal  extremities,  other  than  the  ankle,  were  not 
typically  encountered  among  the  ejection  injuries  reviewed  in  this  section.  Four  ankle  fractures 
were  observed  among  494  survivors.  The  known  relationship  of  ankle  injuries  to  parachute 
landing  fall  tends  to  make  these  injuries  less  amenable  to  assessment  with  ADAM  for  the  reasons 
outlined  previously  in  the  discussion  of  the  ADAM  manikin  as  an  unvalidated  surrogate  for 
human  ground  landing  impact. 

Since  localized  impacts  to  soft  tissue  may  occur  in  many  unpredictable  ways,  injuries  so 
produced  are  not  amenable  to  ATD  instrumentation.  Therefore,  only  non-contact  soft  tissue 
injuries  will  be  considered.  Non-contact  soft  tissue  injuries  are  chiefly  found  as  tensile  injuries 
when  joints  are  stressed  beyond  anatomical  and  physiological  limits  or  are  dislocated  with  or 
without  attendant  fractures.22  Although  tendons  and  ligaments  are  chiefly  involved,  neurological 
insults  may  also  occur. 

In  general,  the  most  common  fractures  of  limbs  are  due  to  shear  loads  or  shear  in  combination 
with  bending.  Within  the  ejection  environment,  shear  loads  and/or  bending  loads  resulting  in 
fractures  are  encountered  as  flailing  limbs  contact  surrounding  structures.  Tensile/dislocation 
mechanisms  from  windblast  effects  resulting  in  fracture/dislocation  of  proximal  (shoulder  and 
hip)  joints  and  distal  (elbow  and  knee)  joints  also  are  noted  among  ejection  injuries. 
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Axial  loading  via  the  knee-femur-hip  produces  characteristic  acetabular  fractures.  These  are  not 
prominent  among  ejection  injuries,  but  do  feature  in  terrestrial  vehicular  frontal  collisions.41  In 
a  kinetics  sense,  the  pelvis  is  thereby  an  extension  of  the  lower  extremity;  although  separate  and 
additional  injury  mechanisms  for  the  pelvis  exist  through  caudal-cranial  loading  at  the  ischial 
tuberosities,  antero-posterior  loading  at  the  pubic  symphysis  or  lateral  loading  at  the  iliac  wings. 
Pelvic  injury  causation  may  also  result  from  a  combination  of  shear  and  tension  or  shear  and 
bending.  In  the  ejection  environment,  or  any  time  infero-superior  buttocks  loading  is 
encountered,  the  pelvis  acts  predominantly  as  an  intermediate  structure  in  transmitting  loads  to 
the  lower  spine.  Should  pelvic  fractures  occur,  in  addition  to  the  acetabular  fractures  from 
femur  loading,  the  rings  formed  by  the  ischial  and  pubic  rami  are  frequently  at  risk  as  is 
diastasis  of  the  pubic  symphysis  and/or  sacro-iliac  joints.  Based  upon  the  historical  escape 
injury  data,  the  development  of  a  pelvic  injury  criterion  for  ADAM  is  not  recommended. 

Reports  by  Fryer  and  by  Payne  and  Hawker,  as  mentioned  by  Combs,””  indicated  extremity 
injury  incidence  from  wind  flail  forces  ranging  from  1%  to  9%  and  rising  to  25%  under  combat 
conditions.  In  the  retrospective  study  by  Combs”  of  ejection  injuries  from  the  F-4,  there  were 
43  ejectees  out  of  399  ejections  who  sustained  extremity  injuries  for  an  injury  rate  of  10.8%. 
In  these  43  ejectees  there  were  95  extremity  injuries. 

Extremity  injuries  in  the  database  were  primarily  related  to  the  ejection  sequence  phases  of 
ejection,  emergence,  and  ground  encounter.  During  retraction  the  leg  restraint  actuation  or 
inertia  reel  forces  can  exert  rotational,  shear,  or  bending  mechanisms  on  limbs  that  have  created 
four  fibular  spiral  fractures  and  one  clavicle  fracture”  from  the  F-4  dual  leg  garter  configuration 
and  shoulder  strap  harness  restraint  respectively. 

The  most  frequent  extremity  injuries  arc  fracture/dislocations  associated  with  proximal  joints; 
simple  and  compound  fractures  of  long  bones;  and  strain/sprains.  Injury  criteria  are  developed 
for  fracture  injuries  due  to  axial  compression  and  tension  associated  with  bending  or  rotational 
stress.  This  choice  is  based  on  the  assumption  that  protection  of  these  structures  will  also  afford 
protection  for  proximal  joints  if  those  joints  are  positionally  maintained  within  normal  ranges 
of  motion. 50,1 
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SENSING  AND  INSTRUMENTATION  REQUIREMENTS 

Assessment  of  Data  Requirements  vs.  Available  Sensor  Types 

This  section  considers  the  data  required  for  injury  probability  assessment  and  assesses  the 
availability  of  sensors  or  transducers  suitable  for  the  acquisition  of  these  data.  Additional 
sensors  in  specific  areas  would  extend  the  ADAM  capability  for  regional  injury  probability 
assessment.  Data  acquired  by  the  sensors  would  serve  as  input  to  regional  models  for  injury 
criteria. 

The  description  of  specific  data  acquisition  system  modifications  required  to  accommodate  any 
additional  sensors  is  beyond  the  scope  of  this  report.  No  recommendation  is  made  for  the 
optimum  number  of  data  channels  or  combination  of  sensors.  Instead,  the  number  of  channels 
required  by  each  sensor  or  group  of  sensors  has  been  provided.  Basic  signal  conditioning  and 
power  requirements  for  the  sensors  will  be  described  in  the  section  entitled  Instrumentation 
Requirements. 

The  use  of  the  Hybrid  III  head  and  neclc  and  the  current  ADAM  configuration  is  assumed. 
However,  separate  USAP  efforts  for  improved  neck  and  limb  hardware  is  recognized  and  must 
be  assessed  for  integration  requirements  before  choosing  a  final  instrumentation  suite.  Channel 
prioritization  considerations  and  supportable  sizing  constraints  will  probably  dictate  the  selection 
of  some  smaller  subset  from  among  the  many  alternatives  presented  here. 

Head 

Data  requirements  for  the  head  include  translational  acceleration  near  its  center  of  gravity  and 
angular  acceleration  at  relatively  high  frequencies.  ADAM's  head  and  its  other  body  segments 
that  contain  accelerometers  have  ±  100-0  Entran  EGA123-100  damped  linear  accelerometers.12 

The  use  of  higher  range  linear  accelerometers  on  the  head  would  allow  for  better  coverage  of 
expected  linear  head  accelerations.  Hence,  it  is  proposed  that  three  ±250-0  Entran 
EGAXT-250  damped  translational  accelerometers  be  considered.  These  accelerometers  would 
be  more  durable  in  that  they  have  a  higher  triaxial  overrange  protection  capability  than  the 
EOA125  series.  They  also  have  a  higher  usable  amplitude  bandwidth.  The  linear 
accelerometers  would  be  mounted  on  a  block  at  the  head's  center  of  mass  that  would  also 
contain  three  Applied  Technology  Associates  (ATA)  AAS-01  angular  acceleration  sensors.  The 
angular  acceleration  sensors  are  being  developed  by  ATA  from  the  ARS-01  angular  rate  sensor 
that  uses  principles  of  magnetohydrodynamics. 

The  ATA  ARS-01  has  been  installed  in  Hybrid  III  heads  and  tested  in  sled  impacts  against 
padded  and  unpadded  automobile  A-pillars1*  and  in  sled  impacts  against  acrylic  windshields.11 
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According  to  Haffner51,  the  angular  velocity  transducer  has  been  used  in  crash  tests  by  various 
automotive  manufacturers. 

The  ARS-01  velocity  data  has  also  been  digitally  differentiated  and  integrated  and  compared  with 
angular  acceleration  and  position  data.  Reference  angular  acceleration  was  derived  from  linear 
accelerometer  arrays  and  position  data  was  attained  from  rotary  potentiometers  used 
simultaneously  with  three  ARS-01  sensors  in  pendulum  impact  tests.14  The  overall  results  from 
verification  tests  conducted  with  the  ARS-01  have  shown  that  the  sensor  can  produce  accurate 
angular  velocity  data  that  can  be  differentiated  or  integrated  and  provide  acceptable  angular 
acceleration  or  position  data,  respectively.  If  extremely  high  or  low  frequency  signals  are  to  be 
measured,  the  ARS-01  would  not  be  appropriate  for  use.51  However,  frequencies  of  head 
angular  acceleration  signals  during  successful  ejection  seat  tests  are  expected  to  be  within  the 
useful  dynamic  range  of  the  ARS-01.  In  addition,  Willems55  has  pointed  out  some 
improvements  that  can  be  made  to  the  current  calibration  methods  being  used  by  the 
manufacturer  to  optimize  the  accuracy  of  the  sensors. 

The  newer  AAS-01  angular  acceleration  sensor  from  ATA  consists  of  a  modified  ARS-01.  The 
built-in  electronics  of  the  AAS-01  perform  velocity  data  differentiation.  It  has  been  noted  that 
the  use  of  a  built-in  analog  differentiator  specifically  designed  for  the  velocity  sensor  (used  by 
the  AAS-01)  provides  angular  acceleration  data  with  less  noise  than  that  obtained  by  digitally 
filtering  velocity  data  after  testing.54  Heffner51  planned  verification  tests  of  the  AAS-01  with 
simultaneous  output  from  linear  accelerometer  arrays  in  A-pillar-head  impact  sled  tests. 

Since  the  AAS-01  still  requires  some  verification,  three  ARS-01  could  be  used  instead,  requiring 
digital  differentiation  of  the  velocity  data  after  testing.  Either  approach  would  be  a  feasible 
method  of  measuring  head  angular  accelerations.  With  an  angular  acceleration  sensor,  three 
additional  channels  for  the  head  would  produce  data  that  previously  was  obtained  from  six-  or 
nine-linear  accelerometer  arrays.  The  amount  of  data  processing  after  testing  is  also  reduced. 
In  addition,  the  AAS-01  or  the  ARS-01  do  not  require  specialized  signal  conditioning  hardware 
such  as  charge  amplifiers  used  by  piezoelectric  accelerometers.  Either  sensor  requires  ±  15-volt 
D.C.  excitation  with  the  output  being  compatible  with  typical  piezoresistive  accelerometer  data 
acquisition  systems. 

Cervical  Spine 

The  human  cervical  spine  or  neck,  like  the  thoracolumbar  spine,  has  multiple  directions  and 
modes  of  motion.  Its  limits  of  travel  are  not  easily  defined.  In  the  ADAM  application,  the  data 
requirements  for  the  neck  would  include  bending,  shear  and  axial  (tensile/compressive)  loads 
applied  by  the  adjoining  segments  (head  and  thoracic  spine).  ADAM  uses  the  Hybrid  III  upper 
neck  six-axis  load  cell  model  1716  developed  by  Robert  A.  Denton,  Inc.52  This  mounts  between 
the  upper  end  of  ADAM’s  neck  (approximately  C-l  on  a  human)  and  the  base  of  the  skull  and 
measures  shear  loads  in  two  directions,  axial  loads  along  the  neck,  as  well  as  moments  about 
three  axes.  The  loads  measured  are  those  applied  between  the  neck  and  the  base  of  the  skull. 
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The  capability  for  neck  load  assessment  could  be  expanded  by  using  not  only  the  upper  neck 
transducer  but  also  the  Hybrid  III  six-axis  lower  neck  load  cell  (Model  1794  from  Denton,  Inc.). 
This  transducer  would  be  installed  at  the  junction  of  the  neck  and  thoracolumbar  spine  (between 
C-7  and  T-l  on  a  human)  and  would  measure  the  comparable  loads  applied  between  the  torso 
and  the  lower  neck.  Based  on  the  design  of  the  lower  neck  load  cell  and  ADAM’s 
lower-neck-thoracic-spine  area,  it  does  not  appear  that  major  re-engineering  of  that  section  would 
be  required  to  adapt  the  lower  neck  load  cell.  Some  loads  would  be  measured  by  both  the  upper 
and  lower  neck  transducers,  resulting  in  some  redundancy,  but  yielding  increased  comparability 
with  data  from  other  Hybrid  III  test  applications.  Use  of  the  lower  neck  load  cell  would  also 
help  to  better  define  the  neck  configuration  at  the  base  (flexion  or  extension)  and  provide  some 
information  of  compressive  loads  of  the  upper  thoracic  spine. 

Thoracolumbar  Spine 

Data  requirements  for  the  thoracolumbar  spine  involve  axial  loads  along  the  thoracic  spine 
transmitted  by  the  neck,  and  bending,  axial,  and  shear  or  translational  loads  applied  by  the  torso 
and/or  pelvis  to  the  lumbar  spine.  The  yaw,  pitch  and  roll  positions  of  the  torso  are  also 
required.  ADAM  is  already  equipped  with  a  six-axis  load  cell  model  1914  (from  Denton,  Inc.) 
at  the  lower  end  of  the  lumbar  spine  and  two  trimmer  potentiometers  (from  Preh  Industries)  that 
measute  torso  pitch  and  roll.52  Most  of  the  required  load  data  can  be  measured  by  the  lumbar 
load  cell. 

The  Hybrid  III  manikin,  in  addition  to  using  a  six-axis  lumbar  spine  load  cell,  employs  a  six-axis 
thoracic  spine  load  cell  at  the  thoracolumbar  junction.57  This  concept  may  be  advantageous 
since  it  provides  additional  data  relating  to  regional  loads.  The  thoracolumbar  spine  in  ADAM 
is  primarily  composed  of  rigid,  concentric  cylinders  with  an  inner  spring.52  It  extends  from  the 
lower  neck  to  the  lower  lumbar  spine  where  a  joint  with  three  degrees  of  freedom  is  located. 
This  spine  was  designed  to  provide  good  response  to  vertical  accelerations  during  critical  stages 
of  the  ejection  sequence.  The  use  of  a  thoracic  load  cell  in  addition  to  a  lumbar  load  cell  in 
ADAM  would  provide  load  data  at  another  spinal  region.  However,  due  to  the  current  spine 
design,  this  would  require  major  re-engineering  of  ADAM’s  thoracolumbar  spine.  The 
importance  of  the  additional  data  does  not  seem  to  justify  re-designing  ADAM's  spine  to  include 
additional  load  cells  within  it.  Therefore,  further  instrumentation  of  the  ADAM  thorax  is  not 
recommended.  However,  in  order  to  have  a  more  complete  description  of  the  thoracic  spine 
motion,  one  more  potentiometer  would  be  adapted  to  the  lumbar  spine  joint  to  measure  torso 
yaw  on  the  pelvis. 

Thorax  and  Pelvis 

Injury  assessment  data  requirements  for  the  thorax  and  pelvis  are  essentially  translational 
acceleration  profiles  of  both  body  segments.  ADAM  is  equipped  with  two  three-accelerometer 
arrays  at  the  chest  area  and  at  the  pelvis.52  The  accelerometers  are  Entran  EGA  125- 100.  To 
improve  the  survivability  and  usable  amplitude  of  ADAM’s  accelerometers,  the  EGA125  series 
accelerometers  could  be  replaced  with  EGAXT  accelerometers. 
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Upper  Extremities 

Information  required  for  assessing  injuries  to  the  upper  extremities  includes  humerus  and 
forearm  bone  shaft  bending,  shear  and  tensile  or  compressive  loads.  At  the  shoulders, 
distractive  (tensile)  and  impact  (compressive)  load  data  are  also  required.  Other  possible  data 
required  are  joint  torque  at  the  elbows  and  shoulders  and  position  of  each  of  these  joints  about 
their  axes  of  rotation.  Torsional  loads  in  the  long  bones  of  the  upper  extremities  might  also  be 
considered,  but  further  complicate  the  instrumentation  suite.  ADAM’s  shoulder 
(sternoclavicular)  joints  have  two  degrees  of  freedom,  its  shoulder/arm-joints  have  four  degrees 
of  freedom  and  its  elbows  have  two  degrees  of  freedom.52  ADAM  is  equipped  with  trimmer 
potentiometers  (from  Preh  Industries)  to  measure  positions  in  each  of  these  degrees  of  freedom. 
ADAM  requires  additional  sensors  to  measure  the  required  loads  if  comprehensive  upper 
extremity  injury  assessment  is  contemplated.  A  more  practical  possibility  may  be  to  simply 
instrument  the  humeri  for  bending  loads  to  assess  the  probable  principal  mechanism  of  upper 
arm  injury  while  also  providing  some  d-’ta  relating  to  shoulder  and  elbow  joint  torques.  Options 
for  the  full  complement  of  sensors  are  described  anyway. 

Multi-axis  strain  gage-based  load  cells  manufactured  by  Denton,  Inc.  could  be  used  for  load 
measurements.  The  same  sensor  configuration  (for  load  and  position)  could  be  used  in  both 
right  and  left  arms.  Denton  multi-axis  load  cells  have  been  primarily  used  in  Hybrid  II  and  III 
manikins  as  well  as  manikins  used  for  motorcycle  rider  limb  injury/protection  testing.51-59 
They  have  also  been  installed  on  these  ATDs  at  their  lower  extremities  and  spines.  Moreover, 
due  to  the  modular  and  compact  design  of  the  transducers,  they  have  potential  for  use  in  upper 
extremities. 

Specifically,  on  ADAM’s  upper  arm  or  humerus,  two  load  cells  could  be  adapted  to  each  end 
of  the  bone  shaft.  The  load  cell  at  the  shoulder/arm-joint(upper  humerus),  would  be  a  modified 
design  similar  to  the  model  1000  used  by  Daniel  and  Yost55  in  the  Hybrid  II  upper  tibia  or 
similar  to  the  model  1583  used  in  the  Hybrid  III  upper  tibia.  Either  of  these  would  measure 
shear  loads  in  two  axes  perpendicular  to  each  other  and  to  the  longitudinal  axis  of  the  bone  shaft. 
It  would  also  measure  moments  about  the  shear  load  axes.  Hence,  this  load  cell  would  measure 
loads  in  four  axes.  The  lower  humerus  load  cell  would  essentially  be  the  same  as  that  of  the 
upper  humerus.  One  of  the  two  cells  should  have  an  additional  sensitive  axis  to  measure  tensile 
or  compressive  loads  along  the  humerus.  A  modified  Hybrid  III  femur  load  cell  model  1914 
or  a  modified  Hybrid  III  lower  tibia  load  cell  could  be  used  in  the  lower  humerus.  These 
sensors  would  measure  loads  caused  by  effects  of  the  shoulder-torso  or  forearm  on  the  humerus. 

One  more  load  cell  could  be  installed  at  the  upper  forearm,  opposite  (across  the  elbow)  from  the 
lower  humerus  load  cell.  This  load  cell  would  also  measure  two  shear  forces  at  the  upper 
forearm,  tensile  or  compressive  loads  of  the  forearm  and  moments  about  the  axes  of  the  shear 
forces.  Thus  it  would  also  be  a  five-axis  load  cell.  If  joint  torques  developed  at  the  elbow  and 
shoulder  are  of  interest,  they  would  be  assessed  using  this  load  cell  and  the  humerus  load  cells. 
This  topic  is  further  addressed  in  the  section  entitled  Assessment  of  the  Need  for  Joint 
Torque  Instrumentation. 
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Lower  Extremities 


The  data  requirements  for  these  body  segments  are  very  similar  to  those  of  the  upper 
extremities:  femur  and  tibia  bone  shaft  bending,  shear  and  axial  loads.  Also,  torsional  load  data 
of  both  (femur  and  tibia)  bones  could  be  considered.  Other  data  that  may  be  required  are  knee 
joint  torques  and  position  of  the  hip  and  knee  joints  about  all  their  axes  of  rotation,  and  position 
of  the  ankle  about  its  inversion/eversion  axis.  The  hips  of  ADAM  have  three  degrees  of 
freedom,  the  knees  and  ankles  have  two  degrees  of  freedom  each.  ADAM  is  equipped  with 
trimmer  potentiometers  for  all  the  hip  and  knee  degrees  of  freedom  and  two  ring-type  single  axis 
load  cells  at  each  upper  tibia  to  measure  bone  shaft  torques.52 

Since  tibia  torques  are  not  the  only  potential  load  data  requirements  at  ADAM’s  lower 
extremities,  the  existent  tibia  load  cells  could  be  replaced  by  multi-axis  load  cells.  Multi-axis 
load  cells  could  also  be  used  for  load  measurements  at  other  sites  of  the  lower  extremities.  Both 
legs  would  have  the  same  load  and  position  sensor  configuration. 

As  previously  mentioned,  multiaxial  load  cells  have  been  used  in  lower  extremities  of  various 
test  manikins.  There  are  suitable  designs  that  might  be  adapted  for  use  in  ADAM. 

Both  the  femur  and  tibia  in  ADAM  could  contain  two  load  cells  at  each  end  of  the  bone  shaft. 
The  upper  femur  load  cell  would  measure  two  shear  forces  and  three  orthogonal  moments 
(including  torsion)  while  the  lower  femur  load  cell  would  measure  two  shear  forces,  two 
moments  about  the  axes  of  the  shear  forces  and  axial  (tensile/compressive)  forces  along  the 
femur.  Both  of  these  sensors  would  then  measure  loads  in  five  axes  although  the  upper  load  cell 
would  measure  femur  torsion  while  the  lower  load  cell  would  measure  axial  loads  for  the  same 
bone.  The  Hybrid  III  upper  and  lower  femur  load  cells  models  2193  and  1914,  respectively 
might  be  adapted  for  use  in  ADAM’s  femur. 

The  lower  leg  or  tibia  configuration  would  be  the  same  as  that  of  the  femur  using  five  axis  load 
cells  at  each  end:  either  a  modified  model  1000  or  a  model  1583  would  measure  upper  tibia 
shear  loads  in  two  axes  and  three  orthogonal  moments;  and  at  the  lower  tibia,  either  a  modified 
lower  femur  load  cell  (model  1914)  or  Hybrid  III  lower  tibia  sensor  would  measure  two  shear 
forces,  two  moments  and  axial  loads  along  the  axis  of  the  tibia.  Another  feasible  (although  not 
as  thorough)  alternative  would  be  eliminating  the  lower  tibia  load  cells  and  adding  the  axial  load 
data  channels  to  the  upper  tibia  load  cells.  If  this  alternative  were  chosen,  each  lower  extremity 
would  contain  three  load  cells  as  was  the  case  for  the  upper  extremities.  This  would  eliminate 
the  need  for  five  channels  for  each  lower  tibia  sensor  but  would  not  provide  shear  and  the 
corresponding  moment  data  at  the  lower  tibias.  In  any  case,  if  hip,  knee  and/or  ankle  joint 
torques  are  of  interest,  they  would  be  assessed  using  the  femur  load  cells  and  tibia  load  cells. 

The  Hybrid  III  manikin  can  use  an  upper  tibia-knee  clevis  sensor  model  C-1587  also 
manufactured  by  Denton,  Inc.  This  measures  axial  loads  in  an  axis  passing  through  the  knee 
and  ankle  joints  in  the  sagittal  plane.  This  axis  does  not  coincide  with  the  axis  along  the  tibia 
shaft.  To  provide  a  more  complete  assessment  of  axial  loads  in  ADAM’s  lower  extremities, 
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especially  if  considering  loads  during  landing  falls,  the  use  of  a  knee  c'evis  sensor  such  as  the 
C-1587  could  be  considered.  This  would  require  one  more  channel  per  lower  leg. 

All  the  load  cells  for  the  lower  extremities  would  measure  loads  caused  by  effects  of  the 
adjoining  members  to  any  given  bone  shaft.  One  more  trimmer  potentiometer  would  be  used 
to  measure  inversion/eversion  position  of  the  ankle.  An  ankle  dorsiflexion/extension 
potentiometer  may  not  be  as  critically  needed  for  injury  assessment,  since  ankle  sprain  is 
probably  more  prone  to  occur  about  the  inversion/eversion  axis. 

In  adapting  the  above  load  cells  to  ADAM’s  extremities,  their  size  and  their  effects  on  mass 
properties  must  be  considered.  The  length  of  the  original  steel  shafts  may  need  to  be  shortened 
and/or  other  lighter  materials  adapted  for  use  in  some  segments.  Other  more  frangible  materials 
should  not  be  used  because,  although  the  biofidelity  of  the  manikin  may  be  slightly  enhanced, 
its  durability  and  survivability  would  be  degraded.  According  to  Denton60,  adapting  load  cells 
to  a  manikin’s  extremities  is  performed  in  such  a  way  that  the  mass  properties  of  each  body 
segment  are  minimally  affected.  The  sensors  are  designed  to  become  almost  integral  parts  of 
the  segments  to  which  they  are  attached. 

Appendix  C  presents  an  outline  of  the  data  requirements  versus  potential  sensors  to  acquire  a 
complete  complement  of  data.  Certain  instruments  such  as  the  angular  acceleration  sensors  or 
the  transducers  at  the  extremities  would  also  make  ADAM  more  suitable  for  use  in  land  vehicle 
collision  testing  with  injury  probability  assessment. 

Assessment  of  the  Need  for  Joint  Torque  Instrumentation 

This  section  describes  a  possible  method  to  measure  torque  at  important  joints  in  ADAM  such 
as  the  shoulder/arm-joint  and  knee  without  the  use  of  specific  torque  measurement 
instrumentation  within  a  given  joint. 

In  this  context,  joint  torque  is  defined  as  the  torque  or  moment  developed  in  a  joint  when 
associated  links  or  body  segments  are  forced  past  their  limits  of  motion  within  the  joint  or  when 
the  links  are  torqued  to  rotate  about  an  axis  about  which  they  are  not  normally  able  to  rotate. 
The  former  could  occur  for  instance,  if  the  forearm  was  forced  to  extend  past  its  turn  limit  at 
the  elbow  (i.e.,  hyperextension  of  the  elbow)  as  in  Figure  1(a).  The  latter  could  occur  if  the 
tibia  was  forced  to  rotate  about  the  longitudinal  axis  of  a  collinear  tibia-femur  at  the  knee  as  in 
Figure  1(b)  or  in  varus  or  valgus  strain  at  the  knee  as  in  Figure  1(c).  Excess  of  torque  or 
motion  in  any  of  these  cases  would  lead  to  injury. 

It  was  suggested  in  the  previous  section  that  the  humerus  load  cells  and  the  upper  forearm  load 
cell  could  be  used  to  assess  elbow  and  shoulder  joint  torques,  respectively.  This  is  also  the  case 
for  the  femur  and  tibia  load  cells  for  deriving  hip  and  knee  joint  torques. 

In  order  to  demonstrate  this  concept,  consider  a  simplified  two  dimensional  example  as  shown 
in  Figure  2(a)  where  one  end  of  link  1  is  attached  to  link  2  by  a  revolute  joint  and  is  fixed  at 
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(a)  (b)  (c) 


Figure  1.  Some  possible  cases  of  joint  torque. 

its  other  end.  Assume  link  2  has  a  limited  range  of  motion  at  the  joint  and  that  a  multiaxial  load 
cell  is  incorporated  near  the  joint.  Torque  at  the  joint  would  be  developed  by  inertial  loads  of 
link  2  causing  the  joint  to  attempt  to  hyperextend  (beyond  its  limit  of  extension)  and/or  by  an 
external  load  applied  to  link  2  to  attempt  to  rotate  on  an  axis  about  which  the  joint  does  not 
rotate.  Figure  2(b)  shows  the  free  body  diagram  of  link  2  with  possible  reactions  due  to  loads 
from  a  combination  of  the  two  cases  above:  inertial  (mg)  and  externally  applied  (P)  loads.  For 
the  case  when  only  inertial  loads  of  link  2  are  affecting  the  joint,  the  applied  load  P  is  ignored. 
Assume  the  load  cell  is  capable  of  measuring  axial,  shear  and  moment  loads  shown  as  (Flc)x  and 
(pLc)y  and  Mlc,  respectively. 

If  link  2  is  separated  in  two  sections  at  the  load  cell  as  shown  in  Figures  3(a)  and  3(b),  the 
parameters  measured  by  the  load  cell  can  be  defined.  From  the  free-body-diagram  of  the  lower 
portion  of  link  2  (Figure  3(a)),  the  following  is  obtained: 

£FX  =  m(a,)x 

EFy  =  m(a,)y 

£M,r  =  E(Ifcr  &.  m(af))LC  (assume  ccw  to  be  +) 

where: 

I,  =  moment  of  inertia  of  link  2, 

(a,)x  &  (a,)y  =  components  of  the  linear  acceleration  of  link  2, 
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(a)  (b) 

Figure  2.  (a)  Two  links  At  its  maximum  extension  and  with  an  applied  load. 

(b)  Free  body  diagram  of  link  2. 

a  =  angular  acceleration  of  link  2, 

Efl»a  &  m(af))u:  =  moment  sum  of  I, a  and  the  components  of  mfa,)  about  LC. 
Denoting  L,,  Lj  and  L3  as  moment  arms,  the  load  cell  parameters  become: 


(flc\  =  (mg)sme*Prm(ag)x 
C flc\  =  (mg)cos0+Py-m(apy 

Mx  »  ((^>0060)1,  +(P,)I3 +(Py)(I1  +Lj)  +Iga  +(m(ag)y)Ll  ^ 

Since  the  load  cell  would  provide  data  for  (Flc),,  (F^  and  (Equations  (1)  through  (3))  at 
any  given  instant,  the  external  force,  P  could  be  determined  by  knowing  the  mass  properties  of 
link  2  as  well  as  the  magnitude  and  direction  of  its  linear  and  angular  accelerations.  The  effect 
of  additional  accelerations  on  joint  torque  can  also  be  treated  simply  as  a  part  of  the  externally 
applied  force.  In  addition,  from  the  upper  portion  of  link  2  as  in  Figure  3(b),  the  moment  at 
the  joint,  Mj  could  be  found  from  the  load  cell  data. 

To  determine  the  moment  or  torque  at  the  joint  J,  consider  the  upper  section  of  the  free-body- 
diagram  of  link  2  Figure  3(b)  and  assume  that  the  inertial  properties  of  the  mass  of  the  link 
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within  the  length  L  are  negligible  compared  to  those  of  the  entire  limb.  Then,  since  the  load 
cell  measures  the  loads  at  any  instant  of  time,  the  joint  torque  becomes  M,  and  can  be  derived 
by  a  simple  static  analysis  as  follows: 


EF,  =  0 
EFy  «  0 

EM,  =  0  (assume  ccw  to  be  +)1 


=  (Fu)x 


(4) 

(5) 

(6) 


Where  (F,)„  and  (F,)y  are  the  force  components  at  the  joint  and  M,  is  the  joint  torque  (Equation 

(6)). 


Figure  3.  Free-Body-Diagranu  for  two  sections  of  link  2  at  each  side  of  the  load  cell. 


For  a  three  dimensional  case,  a  similar  approach  would  be  followed.  In  general,  one  multi-axis 
load  cell  mounted  on  a  bone  shaft  as  close  to  the  joint  as  possible  would  provide  sufficient  data 
to  determine  joint  torques.  Where  feasible,  another  load  cell  on  the  opposite  side  of  the  joint 
attached  to  the  adjoining  segment  would  provide  data  that  may  also  be  used  in  deriving  the  joint 
torque  with  some  redundancy.  In  this  sense,  the  load  cells  used  in  the  extremities  to  measure 
extremity  load  parameters  also  assess  joint  torques. 
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Instrumentation  requirements 

The  instrumentation  requirements  are  described  in  this  section  in  terms  of  relevant  specifications 
for  the  proposed  accelerometers,  potentiometers  and  load  cells. 

Linear  Accelerometers 

The  linear  accelerometers  proposed  are  Entran  EGAXT  series  miniature,  full-bridge, 
piezoresistive  accelerometers.  The  head  would  contain  three  EGAXT-250  which  have  a  range 
of  ±2S0  Gs  and  sensitivity  of  1  mV/G.  The  chest  and  pelvis  would  each  have  three 
EGAXT-100  that  have  a  range  of  ±  100  Gs  and  sensitivity  of  2.5  mV/G.  The  EGAXT  series 
accelerometers  have  a  triaxial  overrange  protection  of  ±10,000  Gs  at  any  frequency.  This 
would  primarily  help  to  protect  the  accelerometers  during  handling  or  during  experimental 
mishaps  such  as  parachute  opening  failure.  All  the  linear  accelerometers  would  have  a  0.7 
critical  damping  factor  at  80°F  (actual  critical  damping  range  from  0.3  to  1),  with  a  minimum 
of  600  and  510  Hz  to  a  maximum  of  1000  and  850  Hz  frequency  responses  for  the  EGAXT-250 
and  EGAXT-100,  respectively.  The  damping  factor  for  each  triaxial  cluster  of  EGAXTs  (head, 
chest  and  pelvis)  should  be  custom-matched  by  Entran  to  maximize  accuracy.  All  EGAXT 
series  accelerometers  are  0.145  x  0.27  x  0.37  inches  in  size,  weigh  0.5  grams  and  require 
15-Volt  D.C.  excitation.  These  units  are  precision-calibrated  by  the  manufacturer  and  can  also 
be  shunt-calibrated  prior  to  testing  without  removing  the  units  from  their  mountings  providing 
for  good  repeatability.  Their  operating  temperature  range  is  -40°  to  250°  F,  this  is  well  within 
expected  operating  temperature  ranges  for  ejection  seat  testing. 

Angular  Acceleration  Transducers 

Tne  angular  accelerometers  proposed  are  ATA  model  AAS-01.  These  sensors  consist  of  a 
magnetohydrodynamic  angular  velocity  sensor  with  a  built-in  analog  differentiator.  Only  three 
of  these  sensors  would  be  installed  on  the  head.  They  have  a  maximum  angular  acceleration 
envelope  of  628  rad/sec2/Hz  with  a  frequency  response  of  0.3  to  400  Hz  for  a  sinusoidal  input. 
That  is,  at  any  sinusoid  input  with  frequency  in  the  given  range,  the  maximum  angular 
acceleration  that  the  sensor  would  be  able  to  detect  would  be  628  rad/sec2  times  the  input 
frequency.  Their  sensitivity  is  50  /xV/rad/sec2.  The  AAS-01  has  a  linear  acceleration  operating 
range  of  500  Gs  in  any  axis  and  its  overrange  protection  (survivability  range)  is  3000  Gs  in  any 
axis.  The  shock  overrange  is  also  3000  gs  for  a  300-^s  minimum  width  half-sine  pulse.  Also 
the  linear  acceleration  sensitivity  of  the  sensor  is  less  than  0.005  (rad/sec)/G.  The  AAS-01  uses 
mercury  as  one  of  its  components.  This  sets  the  minimum  operating  temperature  of  the  sensor 
to  -30°  C,  although  it  can  survive  temperatures  as  low  as  -60°  C,  while  materials  used  in  joining 
the  sensor  components  limit  the  sensor’s  maximum  operating  range  to  50°C.  However,  the 
sensor  will  be  able  to  survive  testing  site  temperatures  of  up  to  100°  C.  The  size  of  the  sensor 
is  0.80-in  diameter  by  0.80-in  height  and  it  weighs  48  gm.  The  calibration  of  the  sensor  is  done 
by  the  manufacturer.  Due  to  the  design  of  the  sensor,  there  is  no  need  to  recalibrate  the  sensor 
during  testing  if  the  sensor’s  survivability  limits  are  not  reached.  The  manufacturer  recommends 
calibrating  the  sensor  only  in  between  a  series  of  tests  rather  than  prior  to  each  test. 
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Potentiometers 


ADAM's  potentiometers  are  trimmer  pots  manufactured  by  Preh  Electronic  Industries.  These 
are  a  cermet  design  with  a  temperature  coefficient  of  ±  100  ppm/°C  and  are  0.4  x  0.46  x  0.25 
inches.  They  are  mounted  on  a  printed  cuit  board  to  facilitate  installation.  The  pots  are 
actuated  by  2  mm  screwdriver  type  bladvc  :  mted  on  the  moving  portions  of  the  joints.  ADAM 
has  potentiometers  at  the  following  joints: 


Hips  2 

Knees  2 

Shoulders  2 

Upper  arms  2 

Elbows  2 

Forearm  2 

Lumbar  1 

Sternoclavicular  2 


x  3  degrees  of  freedom 

x  2  degrees  of  freedom 

x  3  degrees  of  freedom 

x  1  degree  of  freedom 

x  1  degree  of  freedom 

x  1  degree  of  freedom 

x  2  degrees  of  freedom 

x  2  degrees  of  freedom 


6 

4 

6 

2 

2 

2 

2 

4 


There  are  currently  28  potentiometers  and  it  is  suggested  to  add  one  at  the  lumbar  spine  joint 
to  measure  lumbar  spine  yaw  position  and  two  for  measurement  of  ankle  inversion/eversion 
position.  Other  similar  and  feasible  models  would  be:  Spectral  Model  142  Bushing  or  Servo 
type  mount,  100  to  1,000  ohms  or  Ohmite  Type  AB  or  AS  Potentiometers,  100  to  1,000  ohms. 

Load  Cells 


The  proposed  load  cells  are  manufactured  by  Robert  A.  Denton,  Inc.  The  neck  would  use 
models  1716  and  1794  and  the  lumbar  spine,  upper  and  lower  extremities  would  use  models 
1000,  1583,  1914,  2193  and  C-1587.  As  mentioned,  some  modifications  would  be  needed  for 
the  load  cells  used  in  the  extremities;  however,  they  would  have  the  following  general 
specifications: 

Calibration  -  May  be  shunt  calibrated  prior  to  each  test  without  being  dismounted. 

Shock  -  No  specific  limits  available;  however,  according  to  Denton,60  the  ruggedness  of 
the  transducers  is  analogous  to  that  of  very  stiff  springs.  They  are  highly  durable. 

Static  overrange  -  Fifty  percent  of  full  scale. 

Temperature  range  -  The  working  range  is  0°  F  to  + 150°  F. 

Nominal  sensitivity  range  -  1.5  mV  to  2  mV  per  Volt  of  excitation  for  a  given  sensor 
capacity.  For  instance,  in  the  upper  neck  load  model  1716,  the  capacity  for  F„  is  2000 
lbs  and  its  sensitivity  is  1.663  mV  per  Volt.  Assuming  10-Volt  excitation,  the 
sensitivity  in  terms  of  millivolts  per  pound  would  be  16.63  mV  over  2000  lbs  or  0.0083 
mV/lbs. 
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Typical  resonant  frequency  -  Nominally  600  Hz.  This  may  vary  depending  on  where 
they  are  mounted. 

Weight  -  Nominally  two  pounds  for  a  five  channel  transducer.  Denton,  Inc.  designs  the 
transducers  so  as  to  avoid  as  much  as  possible  affecting  mass  properties  of  the 
member(s)  to  which  they  are  attached  Sensors  for  the  upper  extremities  would  be 
modified  lower  tibia  sensors  with  added  channels  that  would  make  them  slightly  heavier 
than  the  current  two  pound  tibia  load  cells. 

Incorporation  of  all  potential  extremity  load  cells  may  not  be  desirable  based  on  possible  effects 

on  overall  manikin  weight  as  well  as  extremity  weight  and  moments  of  inertia. 

References  for  Section  4: 

52.  Bartol,  A.M.,  Hazes,  V.L.,  Kowalski,  J.F.,  Murphy,  B.P.,  White,  R.P.  Jr.  Advanced  Dynamic 
Anthropomorphic  Manikin  (ADAM).  Final  Design  Report.  AAMRL-TR-900-23,  March  1990. 

53.  Haffher,  M.  NHTSA  Office  of  Crashworthiness  Research.,  December  16,  1991.  Telephone 
communication. 

54.  Laugh! in,  D.R.  A  Magnetobydrodynamic  Angular  Motion  Sensor  for  Anthropomorphic  Test  Device 
Instrumentation.  Proceedings  of  the  33rd  Stapp  Car  Crash  Conference,  Washington,  D.C.,  October  4-6, 
1989,  (Society  of  Automotive  Engineers  Proceedings  No.  P-227).  Warrendale,  PA,  Society  of  Automotive 
Engineers,  53-6  (1989). 

55.  Willems,  G.  A  Detailed  Evaluation  of  the  ATA  Angular  Motion  Sensor  in  Realistic  Simulated  Crash 
Environments  in  Proceedings  of  the  35th  Stapp  Car  Crash  Conference,  San  Diego,  CA,  November  18-20, 
1991.  (Society  of  Automotive  Engineers  Proceedings  No.  P-251).  Warrendale,  PA,  Society  of  Automotive 
Engineers,  334  (1991). 

56.  Laughlin,  D.  Applied  Technology  Associates,  November  18,  1991.  Telephone  communication. 

57.  Denton,  R.  Transducers  Drawings  and  Specifications  Catalog.  1991. 

58.  Daniel,  R.P.,  Yost,  C.D.  The  Design  and  Experimental  Use  of  a  Chest  Load-Distribution  Transducer  and 
Force-Indicating  Legs  for  the  Part  572  Dummy.  IN:  Proceedings  of  the  25th  Stapp  Car  Crash 
Conference,  San  Francisco,  CA,  September  28-30,  1981,  (Society  of  Automotive  Engineers  Proceedings 
No.  P-97).  Wanendale,  PA,  Society  of  Automotive  Engineers,  397-432  (1981). 

59.  St.  Laurent,  A.,  Szabo,  T. ,  Shewchenko,  N.,  Newman,  J.A.  Design  of  a  Motorcyclist  Anthropometric 
Test  Device.  Proceedings  of  the  12th  International  T  echnical  Conference  on  Experimental  Safety  Vehicles, 
Goteborg,  Sweden,  May  29-June  1,  1989.  Washington,  D.C.,  U  S  Department  of  Transportation, 
National  Highway  Traffic  Safety  Administration,  1308-16  (1989). 

60.  Denton,  R.  Robert  A.  Denton  Inc.,  December  11,  1991.  Telephone  conversation. 


56 


Section  5 


Formulation  of  Injury  Probability 
Assessment  Criteria 


SECTION  5 


FORMULATION  OF  INJURY  PROBABILITY  ASSESSMENT  CRITERIA 


Head 

Literature  Review 

Detailed  reviews  of  experimental  and  theoretical  bases  for  the  development  of  human  head  injury 
criteria  are  available  from  a  number  of  sources.  Several  of  these  are  noted  in  the  literature 
search  listings.  Noteworthy  recent  reviews  include  the  excellent  chapter  on  the  head  by  Prasad, 
Melvin,  Huelke,  King,  and  Nyquist  in  the  Review  of  Biomechanical  Impact  Response  and  Injury 
in  the  Automotive  Environment  edited  by  Melvin  and  Webber.41  Another  useful  review  is 
available  in  The  Biomechanics  of  Trauma,  edited  by  Nahum  and  Melvin,  published  in  1985. 
Other  very  useful  perspectives  can  be  found  in  the  chapter  on  "Head  and  Neck  Injury  Criteria 
and  Tolerance  Levels"  by  Goldsmith  and  Ommaya  in  The.  Biomechanics  of  Impact  Trauma 
edited  by  Aldman  and  Chapon,  published  in  1984.  A  comprehensive  and  all-inclusive  review 
will  not  be  attempted  here.  However,  several  noteworthy  observations  will  be  provided  as  a 
background  for  the  head  injury  criterion  to  be  advanced. 

The  first  step  in  specifying  an  injury  criterion  for  the  head  requires  that  the  injury  be  well 
defined.  BaUd  upon  the  material  presented  in  Section  3  of  this  document,  head  injuries  for 
ADAM  will  be  defined  in  general  terms  largely  on  the  basis  of  functional  disturbances,  with  the 
criterion  being  designed  to  discriminate  intracranial  injury  as  well  where  it  occurs  at  levels 
below  those  necessary  to  produce  functional  disturbances.  Specifically,  the  injury  against  which 
the  criterion  is  being  established  would  be  functional  disturbance  (concussion)  or  intracranial 
anatomic  injury  produced  from  generalized  proximate  impact  to  a  protected  head  involving  both 
translational  and  rotational  acceleration  components. 

A  criterion  for  a  generally  defined  injury  must  still  be  based  upon  the  parameters  that  drive  the 
mechanism  by  which  the  injury  is  produced.  It  is  noteworthy  that  the  available  human  tolerance 
literature  has  not  arrived  at  agreement  upon  a  single  mechanism  for  functional  or  anatomic  head 
injury.  Attempts  to  elucidate  a  mechanism  have  generally  revolved  around  one  of  three  principal 
types  of  approaches  involving  human  materials,  non-human  animal  materials,  and  inanimate 
models.  Each  of  these  approaches  will  be  briefly  reviewed  in  the  following  paragraphs. 

One  of  the  earliest  approaches  to  defining  tolerance  for  human  head  impacts  involved  the  use 
of  human  heads  of  living  volunteers  or  the  attached  or  recently  detached  heads  of  human 
cadavers.  Impact  severity  data  have  ranged  from  subjective  assessments  and  high-speed 
photography  to  measurements  of  free-fall  drop  heights,  deformation  of  impacting  surfaces,  and 
acceleration  measured  by  accelerometers.  Accelerometers  have  typically  been  mounted  by  straps 
to  the  heads  of  volunteers  or  mounted  to  appliances  fitted  to  the  teeth  of  the  volunteers. 
Accelerometers  have  been  screwed  to  the  skulls  of  cadavers  or  affixed  by  other  means.  The 


58 


bulk  of  the  quantitative  human  test  data  consists  of  measurements  made  by  linear  accelerometers, 
often  in  an  orthogonal  triad  instrumenting  three  axes.  More  limited  amounts  of  quantitative  data 
have  used  arrays  of  linear  accelerometers  from  which  short  duration  estimates  of  angular  motion 
can  be  derived  and  an  even  more  limited  data  set  involving  actual  measurement  with  angular 
acceleration  or  angular  velocity  transducers. 

Relatively  few  studies  have  involved  the  imposition  of  proximate  impact  to  the  heads  of 
volunteers.  Some  early  work  involved  helmeted  volunteers  dashing  their  heads  against  stone 
walls  and  then  describing  the  experience.  Lombard  conducted  pendulum  impacts  to  the  helmeted 
heads  of  volunteers/7  Other  studies  have  assessed  boxing  blows  to  the  head.  However,  most 
quantitative  volunteer  head  impact  data  relates  to  whole  body  acceleration  events  such  as  impact 
sled  experiments  with  restrained  occupants.  In  these  experiments,  proximate  impact  of  the  head 
against  an  impacting  structure  has  been  uncommon  or  observed  only  on  rebound.  In  those  cases 
where  an  impacting  structure  was  applied,  the  head  was  typically  placed  against  the  structure 
prior  to  the  impact  as  in  a  rear-impact  (plus  GJ  impact  with  a  headrest.  Peak  head  accelerations 
have  been  routinely  tolerated  by  volunteer  human  subjects  in  the  range  of  20  to  30G  with 
associated  head  rotations  in  the  range  of  90°  during  the  impact  as  a  result  of  forward  flexion  of 
the  neck.  Limited  data  is  available  involving  volunteer  exposures  to  head  impacts  in  the 
neighborhood  of  SO  to  80G,  but  these  have  typically  involved  less  rotation.  Velocity  changes 
in  these  impacts  have  ranged  from  approximately  10  to  more  than  50  m/s.  These  experiments 
have  been  conducted  by  a  number  of  groups,  including  those  within  the  US  Air  Force,  US 
Navy,  Wayne  State  University,  University  of  Michigan,  General  Motors  Research  Laboratories, 
and  others. 

Head  injury  tolerance  end-points  were  typically  not  reached  in  such  experiments.  Other  use  of 
human  data  has  been  based  upon  the  post  facto  analysis  of  falls  by  human  beings.  While 
velocity  change  at  impact  could  frequently  be  estimated,  specific  head  accelerations  and  pulse 
shapes  could  not  be  reliably  estimated.  Studies  of  this  type  are  exemplified  by  the  study  by 
Foust,  Bowan,  and  Snyder.47 

Other  uses  of  human  material  include  the  large  number  of  cadaver  studies  that  have  been  pursued 
at  a  number  of  centers.  An  example  is  the  work  by  Hodgson  and  Thomas44  that  assessed 
potential  for  skull  fracture.  Gurdjian,  Roberts,  and  Thomas  used  not  only  drop  tests,  but  also 
striker  tests  and  made  comparisons  with  experiments  with  anesthetized  dogs.4)  Some  studies 
have  reached  the  complexity  of  repressurizing  the  cerebral  vasculature  of  intact  cadaver  heads. 
Studies  have  also  used  pressure  monitoring  devices  to  assess  pressure  variations  in  the  fluid 
around  the  brain.  Use  of  human  cadaver  material  has  allowed  supra-threshold  impacting  with 
more  extensive  instrumentation,  but  necessarily  restricts  the  information  available  on  functional 
disruptions. 

A  variety  of  animal  tests  has  been  pursued  to  assess  both  functional  and  anatomic  disruptions. 
Noteworthy  in  these  experiments  has  been  the  work  of  Ommaya  and  colleagues,  and  that  of 
Gennarelli  and  colleagues.  These  and  other  authors  have  explored  the  production  of  cerebral 
concussion  and  anatomic  disruption  such  as  intracranial  hematomas  and  have  further  delineated 
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9the  variations  in  functional  and  anatomic  disruptions  produced  by  translational  as  opposed  to 
angular  acceleration  events.  The  1970  article  by  Ommaya  and  colleagues66  attempted  to  scale 
rotational  results  with  three  subhuman  primate  species  to  man  with  a  prediction  of  SO  percent 
probability  of  concussion  with  rotational  velocities  exceeding  50  radians  per  second  and 
rotational  accelerations  exceeding  1,800  rad /sec1.  Ommaya  and  Hirsch67  outlined  similar  limits 
and  opined  that  the  brain  injury  potential  for  an  unprotected  head  is  approximately  evenly 
divided  between  the  head  rotation  stress  and  the  contact  phenomena  of  the  unprotected  impact. 
Ommaya  and  Hirsch  noted  that  the  hypothesis  originally  advanced  by  Holboum  in  1943  that 
translational  accelerations  were  noninjurious,  with  rotational  acceleration  being  the  only 
dangerous  stress,  was  not  well  founded.  Unterhamscheidt  discussed  apportionment  of  injury 
potential  between  translational  and  rotational  acceleration  based  upon  results  of  animal 
experiments  in  both  cats  and  monkeys,6* 

Gennarelli  and  colleagues  have  performed  extensive  work  on  animal  models  demonstrating  that 
concussion  could  be  produced  by  rotational  acceleration,  while  pure  translational  acceleration 
at  apparently  corresponding  severity  levels  failed  to  produce  concussion.69 

Other  kinds  of  experimental  surrogates  have  included  various  anthropometric  test  devices.  These 
have  typically  been  constructed  based  upon  mathematical  models  attempting  to  replicate  dynamic 
behavior  of  humans  or  other  human  surrogates  such  as  unembalmed  cadavers.  By  their  nature, 
these  experiments  with  anthropometric  test  devices  have  been  generally  unhelpful  in  elucidating 
functional  injury  mechanisms  or  tolerance  levels.  Rather,  they  have  typically  been  used  in 
measuring  variations  in  dynamic  response  as  a  function  of  protection  system  design. 

"Tests"  of  a  sort  have  also  been  carried  out  using  computer'based  mathematical  models.  These 
models  typically  have  not  been  helpful  in  defining  injury  tolerance  levels  either,  but  have  been 
used  in  some  cases  in  a  manner  analogous  to  the  use  of  anthropometric  test  devices  and  also  for 
exploration  of  physical  behavior  of  the  modeled  human  head  system  under  various  kinds  of 
acceleration  loading  in  order  to  deduce  information  about  injury  mechanisms. 

The  area  of  interest  for  our  current  enquiry  has  to  do  with  the  definition  of  an  injury  criterion 
from  this  mass  of  information.  Not  surprisingly,  the  effort  to  develop  criteria  has  been  a 
difficult  one  and  remains  today  an  area  of  considerable  controversy  across  the  field  of 
biomechanics.  The  situation  as  it  presently  exists  can  perhaps  be  described  in  terms  of  various 
"camps"  or  "schools". 

One  school,  which  might  be  termed  the  "regulatory"  school,  is  based  upon  the  historical 
development  from  the  early  Wayne  State  Tolerance  Curve  through  the  Gadd  Severity  Index  and 
the  Japan  Head  Tolerance  Curve  to  the  currently  employed  Head  Injury  Criterion  advanced  by 
Versace.70  These  approaches  initially  used  a  tolerance  curve  based  upon  cadaver  skull  fracture 
under  specific  circumstances  to  define  a  curve  in  which  higher  tolerance  levels  were  ascribed 
for  shorter  duration  acceleration  events.  The  later  criteria  have  apparently  been  related  either 
to  skull  fracture  or  to  presumed  concussive  levels  which  have  even  been  considered  by  some  to 
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occur  at  roughly  equivalent  points.  Others  disagree.  These  criteria  have  in  common  their  basis 
in  a  translational  acceleration  measurement  weighted  by  time. 

The  Head  Injury  Criterion  is  currently  employed  under  Federal  Motor  Vehicle  Safety  Standard 
208  at  a  level  of  1,000.  Some  have  suggested  a  value  of  1500  under  certain  circumstances. 
Despite  the  fact  that  the  Head  Injury  Criterion  continues  to  receive  regulatory  sanction,  generally 
recognized  difficulties  with  the  Head  Injury  Criterion  relate  in  part  to  non-contact  events,  long 
duration  events,  and  the  fact  that  the  Head  Injury  Criterion  does  not  expressly  include 
consideration  of  angular  acceleration.  Only  the  translational  component  of  angular  acceleration 
at  the  point  of  measurement  is  included.  Furthermore,  despite  the  fact  that  the  Head  Injury 
Criterion  is  a  time-weighted  acceleration  criterion,  it  is  based  on  acceleration  level  rather  than 
the  parameter  of  strain  that  is  more  closely  affiliated  conceptually  with  the  notion  of  injury. 

A  second  school  might  be  described  as  the  "viscoelastic"  school.  A  number  of  significant  papers 
in  this  area  were  published  at  the  14th  and  15th  STAPP  Car  Crash  Conferences  in  1970  and 
1971.  These  models  include  the  J-Tolerance  Index,  the  Effective  Displacement  Index,71  the 
Revised  Brain  Model  based  upon  the  Vienna  Institute  of  Technology  Method,72  and  the 
Maximum  Strain  Criterion  proposed  by  Stalnaker  and  colleagues.75  These  models,  in  general, 
are  viscoelastic  approaches,  generally  including  a  spring,  mass,  and  damper.  In  the  Maximum 
or  Mean  Strain  Criterion  approach  of  Stalnaker  two  masses  are  used,  connected  by  a  spring  and 
damper.  These  approaches,  in  general,  had  the  apparent  advantage  that  they  were  related  to 
strain  rather  than  an  acceleration-based  parameter.  However,  they  sometimes  attempted  to 
model  actual  brain  strains  or  displacements,  rather  than  an  injury  occurrence  function,  using  the 
lumped  parameter  approach.  The  Mean  Strain  Criterion  approach  used  actual  strain  or  natural 
frequency  measurements  of  impacted  tissue.74  An  article  by  Melvin,  et  al  in  1975  showed  the 
incorporation  of  a  torsional  spring-mass-damper  in  conjunction  with  two  other  masses  having 
separate  spring-dampers. 7S 

A  third  school,  represented  by  the  work  of  Ommaya  and  also  by  Lowenhielm  might  be  termed 
the  "angular  acceleration"  school.  While  their  work  does  not  imply  that  angular  acceleration 
is  the  only  stress  of  significance,  proposals  for  injury  criteria  in  this  area  have  tended  to  center 
upon  separate  angular  acceleration  limits,  sometimes  associated  with  a  time  or  angular  velocity 
consideration.  Ommaya’s  earlier  limit  of  1 ,800  rad/sec2  has  been  more  recently  refined  to  allow 
accelerations  up  to  4,500  rad/ sec2  for  velocity  changes  less  than  30  rad/sec  with  a  graded  set  of 
injury  criteria  from  1,700  to  4,500  rad/sec2  for  angular  velocity  changes  greater  than  30  rad/sec. 
Forty-five  hundred  rad/sec2  in  this  setting  would  correspond  to  relatively  severe  brain  injury.74 

A  final  school  might  be  termed  the  "finite  element  model"  approach.  Relatively  simple 
concentric  spherical  shell  models  up  to  complex  representations  of  brain  and  skull  geometry  have 
been  proposed  by  a  number  of  authors,  including  Liu,  Chan,  Khalil  and  Hubbard,  Shugar,  and 
Ward  and  colleagues.  Bases  for  these  models  often  included  computations  or  measurements 
based  upon  pressure  changes  in  the  fluid  surrounding  the  brain.  It  has  been  proposed  that  head 
injury  criterion  development  lies  in  the  direction  of  more  detailed  and  precise  finite  element 
models  of  the  skull  and  brain  with  precision  being  visualized  down  to  the  level  of  modeling 
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individual  blood  vessel  responses.  Such  models  necessarily  have  to  assess  displacements, 
traveling  waves,  and  other  phenomena  across  relatively  complex  geometrical  structures  and 
boundaries.  Gennarelli  has  suggested  different  injury  criteria  for  different  forms  of  injury.77 

The  upshot  of  all  this  is  that  the  regulatory  environment  continues  to  use  a  criterion  for  head 
injury  that  is  notably  deficient,  but  the  biomechanical  community  has  not  yet  advanced  a 
compelling  substitute  that  adequately  integrates  the  translational  and  angular  acceleration 
stressors  in  a  satisfactory  manner.  The  proposed  directions  involving  large  multi-body  models 
would  appear  not  to  be  well  designed  to  allow  simple,  reproducible,  and  meaningful  injury 
criteria  capable  of  application  to  the  broad  range  of  impacts  sustained  operationally. 
Gennarclli’s  concern  further  cr  ~*olicates  the  issue  from  the  standpoint  of  an  operational  criterion 
only  if  it  is  viewed  necessary  ;  ’•  define  operational  injury  criteria  related  to  each  of  the  various 
injuries  that  might  be  experienced.  More  practically,  it  would  appear  that  an  injury  criterion 
ought  to  be  defined  to  address  an  operationally  significant  injury  level  that,  based  upon 
Gennarelli’s  outline,  ought  to  be  defined  as  a  concussive  level.  The  proviso  should  be  added 
that  the  criterion  should  also  address  potentially  nonconcussive  translational  effects  that  produce 
potentially  debilitating  injury  such  as  intracerebral  hematoma.  The  metric  being  sought  is  an 
injury  criterion  rather  than  a  tolerance  curve  for  a  specific  form  of  injury.  The  following 
approach  is  outlined  in  order  to  attempt  such  a  formulation.  The  approach  is  defined  in 
conjunction  with  the  head  injury  criterion  problem  and  then,  in  subsequent  sections, 
philosophically  applied  in  a  similar  fashion  to  the  other  body  regions. 

Proposed  Criterion 

The  proposed  criterion  for  head  injury  is  a  strain  function  of  the  output  from  a  viscoelastic 
lumped-parameter  model  incorporating  translational  and  angular  acceleration  stress  measured 
from  the  ADAM  head.  Several  assumptions  and  observations  must  be  made  clear  in  establishing 
the  basis  for  such  a  criterion.  Fundamentally,  the  form  of  the  criterion  is  based  upon  the 
observation  that  higher  values  of  translational  or  angular  acceleration  can  be  tolerated  when  the 
effective  duration  is  reduced  below  some  critical  value.  Therefore,  the  tolerance  to  concussive 
or  non-concussive  but  yet  significant  head  injury  appears  to  have  the  form  of  the  strain  response 
of  a  linear,  second-order,  single  degree-of-freedom,  lumped-parameter,  viscoelastic  system. 
Such  a  system  and  its  strain  response  is  shown  in  Figure  4.  If  a  square  wave  acceleration  pulse 
is  applied  to  the  base  of  this  model,  the  maximum  deflection  of  the  mass  varies  as  a  function  of 
the  duration  of  the  pulse.  The  magnitude  dependence  on  pulse  duration  for  square  wave 
acceleration  pulses  necessary  to  produce  a  given  deflection  of  the  mass  relative  to  its  base  is 
plotted  on  logarithmic  axes  in  the  graph  of  Figure  4.  For  long  duration  pulses,  the  strain  is 
determined  by  the  magnitude  of  the  acceleration.  As  the  pulse  duration  becomes  shorter,  a  point 
is  reached  at  which  increasing  acceleration  magnitudes  are  required  to  produce  the  same  strain. 
This,  in  effect,  implies  an  acceleration  limit  for  long  duration  pulses  and  a  velocity  change  limit 
for  short  duration  pulses.  This  characteristic  of  typical  human  injury  tolerance  is  the  basis  for 
the  shape  of  such  curves  as  the  Wayne  State  Tolerance  Curve  and  necessitates  time- weighting 
or  minimum  pulse  widths  for  simple  acceleration-based  criteria. 
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Figure  4.  Second  order  linear  single-degree -of- freedom  viscoelastic  system. 

The  simple  model  of  Figure  4  can  be  extended  to  three  dimensions  in  the  manner  diagramed  in 
Figure  5.  In  effect,  the  mass  of  Figure  Sa  is  extended  into  a  spherical  shell  and  the  base  is 
collapsed  into  a  massless  point  as  shown  in  Figures  5b  and  5c.  Figures  5c  through  5g  illustrate 
the  extension  of  the  spring  and  damper  into  a  three  dimensional  viscoelastic  medium. 
Accelerations  measured  for  the  point  are  then  evaluated  on  the  basis  of  the  strain  produced  that 
is  simply  the  maximum  change  in  radius  between  the  point  and  any  point  on  the  shell. 
Theoretically,  anisotropic  spring  constants  and  damping  ratios  could  be  employed  along  different 
axes,  yielding  the  potential  for  the  modelled  sensitivity  to  injury  to  be  different  along  different 
directions. 

Thus  far,  the  model  has  been  based  purely  on  translational  accelerations.  However,  angular 
accelerations  can  be  treated  in  a  perfectly  analogous  fashion.  In  effect,  angular  acceleration  is 
measured  at  the  base  or  point  inside  the  sphere  and  angular  strain  is  assessed  for  a  viscoelastic 
system  using  angular  or  torsional  springs  and  angular  or  torsional  dampers.  The  approach  is 
illustrated  in  Figures  6  and  7.  In  a  manner  analogous  to  that  with  the  translational  accelerations, 
the  simple  angular  strain  model  of  Figure  6a  can  be  employed  in  three  orthogonal  planes  as 
shown  in  Figures  6b  through  6d.  Each  model  is  "extended"  about  an  appropriate  axis  as  shown 
in  Figure  7  to  achieve  a  three  dimensional  representation. 

The  result  of  such  a  modelling  approach  allows  translational  and  angular  accelerations  measured 
in  the  ADAM  head  to  be  evaluated  for  their  maximum  translational  and  angular  resultant  strains. 
Based  upon  the  observations  that  injury  thresholds  follow  a  second-ordei  viscoelastic  system 
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Figure  5. 


response,  the  proposed  model  should  have  the  requisite  form  to  model  acceleration-related  injury 
thresholds  in  terms  of  viscoelastic  strain.  However,  it  is  important  to  note  that  the  strain  defined 
by  the  injury  criterion  does  not  necessarily  relate  to  a  measured  or  measurable  strain  in  either 
the  skull  or  brain  of  a  human  exposed  to  impact.  In  fact,  the  effective  strain  tolerance  is  a 
number  without  anatomical  significance  that  varies  depending  upon  the  values  for  mass,  spring, 
and  damper  which,  in  turn,  depend  upon  the  transition  point  between  acceleration  and  velocity 
dependence  for  the  injury  criterion.  Any  mass  value  could  be  chosen  and  a  suitable  coefficient, 
spring  constant,  and  damping  coefficient  defined  to  produce  a  strain  response  to  match 
experimentally  derived  injury  characteristics,  so  long  as  those  characteristics  exhibit  the  behavior 
of  a  second-order,  single  degree-of-freedom  system.  Since  various  mechanisms  may  be  involved 
that  relate  to  different  anatomic  structures  having  different  masses  in  the  human  head,  the 
lumped-parameter  approach  implies  that  the  resultant  strain  may  not  have  physically  relatable 
meaning  even  if  the  mass  selected  is  typical  of  a  human  head  mass. 

Also  noteworthy  in  this  development  is  the  mathematical  coupling  of  translational  and  rotational 
stresses  that  may  correspond  to  physical  analogs  in  real  injury  mechanisms.  For  example, 
angular  acceleration  stress  may  be  more  significant  from  an  injury  mechanism  standpoint  under 
conditions  in  which  translational  acceleration  stress  is  also  being  applied  to  the  same  head. 
Conceptually,  a  brain  that  is  "sloshed"  to  one  side  of  the  skull  by  translational  acceleration  stress 
may  be  more  subject  to  injury  as  a  result  of  rotational  stresses  that  further  aggravate  its  motion 
or  contacts  with  skull  surfaces. 

Such  an  approach  is  amenable  to  mathematical  representations  in  which  the  motion  of  a  mass 
both  translationally  and  rotationally  may  be  computed  based  upon  an  arbitrary  acceleration  input. 
However,  such  equations  in  Cartesian  space  become  significantly  complicated.  If  this 
complexity  led  to  better  understanding  of  the  underlying  mechanisms,  such  an  approach  might 
prove  valuable.  However,  initial  assessments  of  a  rigorous  mathematical  simulation  of  this  sort 
appear  not  to  be  sufficiently  informative  to  justify  their  complexity.  A  general  approach  along 
this  line  is  presented  for  information  in  Appendix  D. 

A  simpler  approach  is  shown  in  Figure  8.  In  this  case,  translational  accelerations  along  the  three 
orthogonal  axes  are  independently  used  as  inputs  into  a  single  degree-of-freedom  system.  The 
parameters  for  the  systems  for  X,  Y,  and  Z  could  easily  be  adjusted  independently  based  upon 
differences  in  injury  sensitivity  along  the  three  axes.  Adjustments  would  be  fashioned  in  such 
a  way  that  the  resulting  strain  would  be  proportional  to  injury  likelihood  for  strains  over  the 
same  range  in  each  axis.  The  resulting  strains  along  each  axis  could  then  be  vector  summed  into 
a  translational  strain  vector  in  three  dimensions.  Similarly,  for  rotational  acceleration,  single 
degrce-of-freedom  models  would  be  used  for  each  axis,  in  this  case  conceptually  representing 
torsional  springs  and  torsional  dampers.  Mathematically,  however,  they  are  treated  similarly. 
Once  again,  parameters  for  the  angular  strains  about  each  axis  could  be  adjusted  independently 
based  upon  susceptibility  to  rotational  acceleration  stress  about  each  of  those  axes.  Once  again, 
an  effective  rotational  strain  vector  could  also  be  constructed. 


67 


It  should  be  noted,  however,  that  the  representation  shown  in  Figure  8,  if  used  independently, 
does  not  effectively  assess  the  potential  coupling  of  translational  and  rotational  stress  applied 
simultaneously.  To  do  this,  a  multiterm  injury  criterion  could  ultimately  be  constructed  using 
weighting  coefficients  and  the  vector  cross  product  between  the  translational  strain  vector  and 
the  rotational  strain  vector.  The  vector  cross  product  assesses  the  interaction  between 
translational  strain  and  moments  about  axes  perpendicular  to  that  strain.  The  final  proposed 
injury  criterion  would  have  the  form: 

Form  of 
Head  Criterion 


For  near-term  applications,  currently  available  data  may  only  allow  an  approach  which 
separately  utilizes  the  translational  strain  and  the  rotational  strain  terms.  Separate  criteria  could, 
therefore,  be  defined  for  these  stresses  until  such  lime  as  sufficient  data  could  be  established  to 
allow  the  appropriate  combination  of  the  two  stresses  with  their  inteiaction  term  as  demonstrated 
in  Equation  (7). 

Appropriate  recognition  should  also  be  made  of  the  significant  basis  of  this  approach  on  previous 
work  by  Steeh  and  Payne78  and  subsequent  extensions  of  that  work  by  Brinkley  and  SJ,\fer, 
as  well  as  several  subsequent  articles  by  Brinkley  and  colleagues.  The  Stech  and  Payne  article 
was  foundational  in  defining  the  approach  in  1969  with  principal  application  to  spinal  injury. 
The  Dynamic  Response  Index  (DRI)  has  proven  to  be  a  useful  criterion  for  assessing  spinal 
injury.  This  will  be  discussed  further  in  the  section  on  the  thoracolumbar  spine.  It  should  be 
recognized,  however,  in  conjunction  with  the  current  discussion  of  the  head  criterion,  that  the 
DRI  has  demonstrated  meaningful  correlation  not  only  with  the  occurrence  of  a  range  of  spinal 
injuries  but  also  with  the  probability  of  spinal  injury.  Increasing  values  for  the  DRI  have  been 
correlated  with  increasing  spinal  injury  incidence  over  a  range  of  aircraft  ejection  seats  having 
varying  pulse  shapes  and  magnitudes.  It  should  be  noted  that  the  DRI  was  defined  as  a 
normalized  peak  strain  or  force  developed  within  a  system  comprising  a  mass  supported  by  a 
spring-damper  combination  (Kelvin  Element)  from  an  accelerating  base.  The  current  definition 
transitions  to  a  pure  maximum  deflection  or  strain  criterion  because  of  the  conceptual  relation 
of  strain  to  tissue  injury  and  the  proposed  employment  of  strain  models  for  other  body  regions. 

Noteworthy  in  the  DRI  application  is  the  correlation  with  spinal  injury  occurrence,  despite  the 
variations  along  the  thoracolumbar  spine  in  location  of  spinal  injury  and  the  variation  in  spinal 
injury  mechanisms  depending  upon  occupant  position.  This  observation  provides  cause  for  some 
optimism  in  creating  a  similar  injury  criterion  suitable  for  the  description  of  the  multiple  injury 
modes  exhibited  in  the  head.  Principal  approaches  thus  far  advocated  by  Brinkley  relate  largely 
to  the  definition  of  whole  body  injury  criteria  by  extensions  of  the  Z-axis  DRI  spinal  injury 
application  to  a  proposed  multi-axis  whole  body  injury  descriptor.  The  current  approach  departs 
from  the  thrust  of  that  development  by  separately  measuring  accelerations,  angular  accelerations 
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and,  as  defined  in  later  sections,  forces  and  torques  in  a  similar  manner  for  separate  body 
regional  injury  assessment. 

It  should  also  be  noted  that  the  constant  strain  response  curve  for  square  wave  inputs 
demonstrated  in  Figure  4  does  not  represent  a  tolerance  curve  in  general.  For  one  thing,  the 
curve  is  not  referenced  to  a  particular  injury  type  but,  rather,  to  the  occurrence  of  injury  in  the 
head  of  a  given  category  of  significance.  From  a  mathematical  point  of  view,  however,  an 
additional  difference  derives  from  the  fact  that  Figure  4  is  a  constant  strain  curve  only  for  square 
waves.  As  can  be  seen  in  Figure  9,  different  waveform  shapes  with  similar  durations  will 
require  different  peak  acceleration  values  in  order  to  produce  the  same  constant  peak  strain.  The 
definition  of  the  criterion  relates  not  to  an  acceleration  limit  or  a  velocity  limit  at  all.  Instead, 
the  criterion  is  simply  a  maximum  strain  number  which  may  be  produced  by  a  variety  of  pulse 
shapes  or  magnitudes.  This  allows  the  significance  of  different  acceleration  waveforms  to  be 
compared  on  the  basis  of  peak  the  strain  which  they  produce  in  a  viscoelastic  model.  This, 
therefore,  is  the  basis  for  assigning  a  criterion  which  may  accommodate  a  range  of  strain  values. 

This  approach  may  be  expected  to  work  reasonably  well  for  injury  to  structural  elements  and 
even  to  soft  tissue  if  attention  is  confined  to  relatively  short  duration  events.  However, 
observations  by  Viano  and  Lau79  may  require  some  modification  in  the  way  that  maximum 
strain  for  soft  tissue  is  assessed,  particularly  if  a  broad  range  of  frequency  response  is  required. 
This  approach  would  alter  the  treatment  of  strain  magnitude  by  assessing  strain  velocity 
simultaneously.  In  other  words,  the  same  amount  of  strain  would  have  different  potential 
significance  in  soft  tissue  depending  upon  the  speed  at  which  the  strain  was  produced.  A  punch 
to  the  abdomen  would  be  appreciated  differently  than  a  physician’s  palpating  fingers  probing  to 
the  same  depth.  The  potential  exists  to  specify  a  viscoelastic  strain  criterion  for  head  injury  with 
a  modification  to  Equation  (7)  being  ultimately  required  to  assess  the  velocity  associated  with 
the  production  of  a  given  strain  in  order  to  make  the  ciiterion  applicable  to  the  brain  over  a 
broad  range  of  frequencies. 

Several  curves  are  presented  to  both  illustrate  the  technique  and  demonstrate  its  application  to 
a  number  of  sets  of  experimental  data  involving  both  translational  and  angular  accelerations. 
Figures  10a  and  10b  present  the  effects  of  variations  in  the  model’s  two  parameters,  natural 
frequency  and  damping  ratio.  On  both  figures,  the  logarithm  of  the  peak  input  acceleration  in 
G-units  is  plotted  on  the  ordinate  against  the  logarithm  of  the  acceleration  pulse  duration  which 
appears  on  the  abscissa.  The  peak  strain  for  all  of  the  curves  in  Figures  10a  and  10b  was  held 
constant  at  6.2  mm. 

The  effect  of  changing  natural  frequency  is  illustrated  in  Figure  10a,  where  the  damping  ratio 
and  peak  strain  were  held  constant  for  three  natural  frequencies:  50,  75  and  100  Hz.  The  effect 
of  increasing  natural  frequency  was  to  increase  the  apparent  stiffness  of  the  system.  That  is,  as 
natural  frequency  increases,  higher  peak  accelerations  are  required  to  produce  the  same  peak 
strain.  Another  effect  of  increasing  natural  frequency  (decreasing  natural  period)  is  to  shift  the 
crossover  point  to  the  left  on  the  plot  of  log  At  vs  log  peak  acceleration.  Figure  10b  shows  the 
effect  of  changing  the  damping  ratio  while  holding  the  other  parameters  constant.  Increasing 
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the  damping  ratio  decreases  the  peak  strain  for  a  given  input  acceleration  pulse.  Therefore, 
increased  peak  acceleration  is  required  to  produce  the  same  strain  as  the  damping  increases.  The 
damping  ratio  also  affects  the  crossover  point  through  its  effect  of  shifting  the  damped  system’s 
natural  frequency  to  the  right  on  the  plot  of  log  At  vs  log  peak  acceleration. 

As  damping  approaches  critical  damping,  the  damped  natural  frequency  goes  to  zero.  Therefore, 
for  systems  with  effective  resonant  frequency  sensitivities,  the  chosen  damping  ratio  for  the 
model  needs  to  be  substantially  less  than  that  for  critical  damping.  A  caution  needs  to  be  stated 
here,  since  it  may  be  tempting  to  think  of  the  spring  in  the  model  as  being  responsible  for  the 
long-term  behavior  of  the  system  and  the  damper  as  the  component  responsible  for  the  velocity 
dependence  for  short  pulse  durations.  This  is  clearly  not  so,  since  an  entirely  undamped  system, 
consisting  only  of  a  mass  and  spring,  will  exhibit  the  behavior  of  Figure  4  in  response  to  square 
wave  pulses  of  various  durations.  This  is  because  the  response  of  Figure  4  defines  the  maximum 
deflection  of  the  system. 

Therefore,  the  choice  of  the  ratio  between  spring  constant  and  mass  value  is  determined 
primarily  by  the  observed  natural  frequency  for  the  system.  Data  having  the  general  shape 
shown  in  the  curves  of  Figure  10  could,  therefore,  be  fit  satisfactorily  by  a  variety  of  candidate 
system  models  with  various  damping  ratios.  The  quandary  is  basically  to  select  the  appropriate 
damping  ratio  which  fundamentally  determines  the  observed  behavior  of  the  system  near  the 
cross-over  point.  Brinkley  has  demonstrated  an  approach  to  approximation  of  an  appropriate 
damping  ratio  based  upon  observed  acceleration  amplification  in  human  impact  tests.®0  A 
similar  approach  using  head  injury  observations  might  be  formulated  for  determining  an 
appropriate  damping  coefficient  for  the  head  injury  model.  For  the  present,  considerations  based 
upon  experimental  test  results  and  human  vibration  response  provides  an  intuitive  basis  to  select 
a  damping  coefficient  which  produces  some  overshoot  and  rebound  for  a  step  input  of 
acceleration.  For  this  reason,  damping  coefficients  in  the  range  from  0.2  to  0.4  are  selected  for 
preliminary  curve  fitting. 

Figures  11  through  16  show  curve  fits  defined  to  be  below  the  preponderance  of  demonstrated 
injury  levels  in  various  tests  using  long  duration  pulse  sensitivities  at  different  levels  to 
demonstrate  the  approach.  Figure  1 1  is  data  from  Kikuchi  and  co-workers  demonstrating 
concussion  response  to  lateral  head  impacts.  In  this  example  a  square  wave  representation  is 
used  for  illustration  on  the  basis  of  average  acceleration  despite  the  non-square  wave 
characteristics  of  the  experimental  driving  function.  Figure  12  demonstrates  another  fit  to  data 
from  Kikuchi  for  lateral  impacts  involving  more  significant  brain  pathology.  Both  of  the 
Kikuchi  curves  represent  data  scaled  to  humans  from  primate  impact  tests.  Figures  13  through 
15  represent  data  from  Ono®1  in  which  cadaver  head  drops  were  accomplished  with  skull 
fracture  as  an  endpoint.  Figure  15  represents  rotational  acceleration  extrapolated  to  human 
heads  from  primate  data  by  dimensional  analysis.  There  were  some  fractures  and  cerebral 
contusions  found  postmortem. 

Figure  16  represents  rotational  data  from  Thibault  showing  concussive  injury  data  in  response 
to  angular  acceleration.  These  data  were  also  extrapolated  by  dimensional  analysis  to  humans 
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from  primate  exposures.  These  values  are  considered  more  relevant  to  a  functional  disturbance 
than  are  the  curves  in  Figure  15.  It  is  noted  that  these  data  may  be  reasonably  compared  to 
Ommaya’s  maximum  criterion  of  4,500  rad/sec1. 

Clearly,  the  curve  fits  to  the  data  could  be  adjusted  closer  to  the  injury  data  points.  However, 
the  form  of  the  short  duration  acceleration  responses  appears  to  be  well  represented  by  the 
constant  strain  square  wave  curves  for  a  viscoelastic  system.  The  precise  modeling  response 
should  be  attained  by  applying  the  exact  acceleration  time  history  function  to  the  model  and 
defining  constant  strain  criteria  therefrom.  The  initial  curve  demonstrations  are,  therefore, 
included  simply  to  illustrate  the  suitable  form  of  the  criterion  and  not  to  define  the  values  for 
the  parameters  at  this  stage. 

Before  proceeding  to  the  consideration  of  neck  response,  some  final  comments  will  be  offered 
with  regard  to  Equation  (7).  The  form  of  Equation  (7)  effectively  assumes  that  trarslational  and 
rotational  accelerations  have  independent  effects  when  applied  to  the  head,  as  well  as  an 
interacting  effect  represented  by  the  cross  product.  A  first  level  approach  to  a  criterion  utilizing 
translational  and  rotational  models  separately  may  not  allow  the  assessment  of  possible 
interactions.  An  example  of  the  implementation  of  Equation  (7)  is  shown  in  Figure  17  in  which 
artificially  generated  curves  for  X-  and  Y-axis  translational  acceleration  pulses  are  applied  during 
a  pitch  axis  pulse  using  varying  damping  ratios  and  durations.  The  magnitude  of  the 
translational  strain  vector  is  represented  on  the  plot  as  well  as  the  magnitude  of  the  cross  product 
of  the  translational  strain  vector  and  the  rotational  strain  vector  as  a  function  of  time. 

Figure  18  depicts  a  comparison  of  a  constant  strain  curve  for  a  range  of  square  wave  pulse 
durations  with  the  comparable  values  for  a  constant  Head  Injury  Criterion  computed  at  these 
levels.  It  is  clear  that  the  current  Head  Injury  Criterion  (HIC)  does  not  have  the  required 
behavior  for  variations  in  pulse  duration  as  exhibited  in  a  constant  strain  approach.  The 
comparison  shown  in  Figure  19  demonstrates  the  differences  over  these  frequency  ranges 
between  different  waveforms  for  HIC. 

The  question  may  arise  as  to  why  the  single  mass  viscoelastic  system  is  chosen  for  the  model 
rather  than  a  two-mass  model  along  the  lines  of  the  Maximum  Strain  Criterion.  The  answer  lies 
principally  in  the  objective  of  the  model.  The  Mean  Strain  Criterion  approach  provides  a  more 
effective  representation  of  the  physical  behavior  of  the  head,  but  the  model  remains  an  abstract 
representation  using  the  lumped  parameter  approach.  The  BRC  approach,  by  contrast,  is  simply 
an  attempt  to  model  the  phenomenon  of  injury  occurrence  rather  than  any  anatomical  behavior 
of  the  head  itself.  As  such,  the  injury  data  appears  to  be  adequately  accommodated  by  a  simple, 
single-mass,  lumped  parameter  viscoelastic  system.  The  additional  complexity  of  a  second  mass 
is  not  required  in  order  to  fit  the  data  and  provides  no  conceptual  increase  in  sophistication. 

While  the  precise  definition  of  the  required  head  injury  criterion  has  not  been  established,  a 
logical  approach  to  the  form  of  its  general  definition  has  been  achieved.  Sufficient  data  exists 
to  potentially  validate  the  approach  through  a  combination  of  mathematical  constant  strain 
assessments  using  available  human  volunteer  data  for  tolerable  levels,  human  accident  data,  and 
scaled  animal  data  for  injury  thresholds. 
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Literature  Review 

Numerous  studies  have  investigated  cervical  fractures  and  dislocations.  A  review  of  these 
studies  is  presented,  first  looking  at  the  studies  that  tested  whole  cadavers,  three  studies  that 
correlated  Hybrid  m  neck  loads  with  injury  producing  impacts,  and  then  studies  that  produced 
fractures  and  dislocations  in  isolated  cervical  specimens. 

Cadavgl  Studies 

Most  of  the  early  studies  on  compression  loads  to  the  neck  were  related  to  improved  helmet 
design  aimed  at  reducing  cervical  injuries  in  sports.  These  early  studies  loaded  the  crown  of  the 
head  in  order  to  create  injury-producing  neck  loads.  Thus,  the  actual  load  on  the  neck  is  the 
crown  load  minus  the  force  required  to  accelerate  the  head. 

Culver,  et  al”  were  interested  in  determining  if  basilar  skull  fractures  occurred  with  axial 
loadings  of  the  head  and  placed  their  supine  cadavers  in  a  position  so  that  the  neck  was  aligned 
with  the  9.9  Kg  padded  impactor.  Because  the  normal  lordotic  curvature  of  the  cervical  spine 
was  maintained,  the  neck  went  into  extension  on  impact,  and  the  spinous  processes  fractured  as 
well  as  the  bodies  of  some  vertebrae.  The  threshold  fracture  force  was  1281  lb.  The  mean  peak 
crown  load  for  the  eight  impacts  was  1623  ±  301  lb  (n»8). 

Hodgson,  et  alM  performed  crown  impacts  on  the  heads  of  cadavers  that  were  wearing 
protective  helmets.  A  spring-loaded  tackling  block  with  a  121  lb  mass  was  used  as  the  impactor. 
Load  cells  were  placed  at  three  levels  of  the  cervical  spine.  Results  indicated  that  crown  loading 
did  not  correlate  well  with  cervical  spine  strains;  the  local  strain  depended  on  the  distribution 
of  the  impact  force  and  the  position  of  the  neck  relative  to  the  head.  The  "gripping  action”  of 
the  padded  tackling  block  restricted  rotation  of  the  head  about  the  occipital  condyles,  and  greatly 
increased  the  chance  of  serious  neck  injury. 

Nusholtz,  et  alM  investigated  the  effect  of  the  orientation  of  the  head/neck/torso  system  in  the 
crown  impacts  of  12  cadavers.  By  placing  the  cadavers  in  different  positions  relative  to  a  56 
Kg  impactor  they  were  able  to  produce  flexion/compression  and  extension/compression  fractures, 
as  well  as  combination  fractures,  which  had  flexion/compression  injuries  in  the  upper  thoracic 
vertebrae  and  extension/compression  injuries  in  the  upper  cervical  spine.  The  mean  peak  force 
in  the  ten  tests  where  fractures  were  produced  was  1283.7  ±  714.2  lb  (n«  10).  Nusholtz,  et  al 
concluded  that  the  pre-impact  orientation  of  the  cervical  and  thoracic  spine  is  a  critical  factor 
in  determining  the  type  of  injury  produced. 

Alem,  et  al1*  impacted  fourteen  cadaver  heads  in  the  superior-inferior  direction  with  a  10  Kg 
impactor  in  order  to  produce  basilar  skull  fractures  or  neck  injuries.  The  heads  and  necks  of 
the  cadavers  were  placed  in  various  positions  relmive  to  the  trajectory  of  the  impactor.  The 
padding  on  the  impactor  was  also  varied.  Four  of  the  impacts  produced  no  ir\juries  and  two 
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produced  basilar  skull  fractures.  In  the  eight  impacts  that  produced  cervical  injury,  the  mean 
peak  crown  force  was  1354  ±  686  lb  (n=8).  The  impulse  (force  x  duration)  was  found  to  be 
the  best  indicator  of  injury  level,  although  no  quantitative  measure  of  injury  level  was  given. 

Hybrid  III  Studies 

Mertz,  et  al"  developed  a  criterion  for  compression  neck  fractures  by  measuring  compressive 
neck  loads  on  a  Hybrid  III  test  dummy  in  the  simulation  of  cervical  accidents  that  occurred  with 
a  spring-loaded  tackling  block.  In  the  simulations,  the  dummy  was  positioned  so  that  the  axis 
of  the  neck  was  aligned  with  the  trajectory  of  the  tackling  block.  Injury  references  for  axial 
compressive  loading  were  developed  by  propelling  the  tackling  block  into  the  head  of  the  Hybrid 
III  at  22.7  ft/sec  The  duration  of  the  axial  neck  loads  measured  in  the  Hybrid  III  were  used  to 
set  an  injury  reference  for  football  players.  Another  injury  reference  was  set  for  the  adult 
population  using  a  slower  impact  speed  of  16.6  ft/sec.  Figure  20  shows  a  graphical 
representation  of  their  time-dependent  injury  criterion  for  the  adult  population.  Exceeding  the 
criterion  implies  that  major  neck  injury  is  likely,  however,  being  below  the  criterion  does  not 
imply  that  major  neck  injury  will  not  occur,  especially  if  other  neck  loads  are  present. 

Two  years  later,  Nyquist,  et  al17  correlated  Hybrid  III  data  to  field  injury  data  in  order  to 
establish  injury  assessment  levels.  Injury  assessment  values  define  levels  of  human  response 
below  which  significant  injury  is  unlikely.  The  field  database  included  injury  data  from  98 
Volvo  frontal  accidents  that  contained  at  least  one  occupant  restrained  with  a  three-point  restraint 
system.  Sled  tests  were  performed  with  a  Hybrid  III  ATD  in  order  to  recreate  the  forces  in 
these  accidents.  During  the  sled  tests,  an  upper  neck  load  cell  measured  neck  axial  force,  shear 
force  (A-P  direction)  and  the  flexion-extension  bending  moment  in  a  Hybrid  III  restrained  with 
a  three-point  belt.  The  Hybrid  III  transducer  outputs  in  sled  tests  performed  at  a  fixed  barrier 
equivalent  velocity  (BEV)  were  compared  with  the  injury  levels  from  field  crashes  at  a  similar 
BEV.  The  mean  tolerable  axial  tensile  force  was  found  to  be  740  lb. 

Mertz"  analyzed  the  data  of  Nyquist,  et  al  and  developed  a  time-dependent  injury  assessment 
criterion  based  on  the  durations  of  the  loadings  measured  in  the  Hybrid  Ill’s  neck  during  the  sled 
accelerations.  The  injury  assessment  criteria  for  neck  tension  is  shown  in  Figure  21. 

Isolated  Spine  Studies 

In  this  literature  review  a  cervical  spine  specimen  refers  to  an  isolated  spine  segment  that 
includes  Cl  through  T1  and  usually  includes  the  complete  skull  or  some  portion  of  it.  Impact 
studies  on  isolated  cervical  spine  specimens  probably  provide  the  best  method  of  determining 
the  loads  that  produce  bony  failures  in  the  neck,  as  the  use  of  the  specimens  allows  the  load  at 
which  the  neck  fractures  to  be  directly  measured.  Also,  the  pre-load  position  of  the  spine  can 
be  better  controlled  than  if  a  complete  cadaver  is  used.  The  specimens  are  usually  from 
unembalmed  cadavers  that  have  been  selected  based  on  a  review  that  precludes  any  known  bone 
or  spinal  disease.  The  muscle  and  surrounding  fat  and  soft  tissue  are  removed,  leaving  the 
ligaments  and  bony  structures  intact.  This  technique  may,  however,  alter  the  behavior  of  the 


86 


to)  Mtoj  uo|esoidu*>o  mxv 


Figure  20.  Injury  criterion  for  compressive  neck  loads  (from  Mcrtz,  et  el)7' 
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Figure  21 .  Injury  assessment  criterion  for  tensile  neck  loads  (from  Menz). 


denuded  structure. 


Roaf*9  was  one  of  the  first  to  investigate  the  reaction  of  the  basic  spinal  unit  (two  vertebrae  and 
the  connecting  disc)  to  applied  loads.  He  found  that  cervical  vertebral  bodies  fail  at 
approximately  1400  lbs  and  cervical  discs  fail  at  1600  lbs.  He  was  unable  to  produce  dislocation 
with  hyperflexion  only,  and  incorrectly  assumed  that  axial  rotation  was  the  only  input  necessary 
to  produce  dislocations.  He  concluded  that  rotation  forces  produced  dislocations  and  axial  forces 
produced  fractures. 

Bauze  and  Ardran90  attempted  to  define  the  injury  mechanism  and  cervical  spine  orientation 
during  accidents  that  caused  bilateral  locked  facets.  They  submitted  cadaver  cervical  spines  to 
compression  loads  while  constraining  the  superior  end  of  the  specimen  (the  head)  in  rotation  but 
not  in  translation.  The  lower  cervical  spine  was  completely  restrained  by  placing  a  steel  pin 
through  the  spinal  canal  from  the  thoracic  mount  to  the  cervical  level  where  the  dislocation  was 
desired.  By  compressing  the  specimen,  they  were  able  to  produce  bilateral  dislocations,  usually 
C5  moving  anteriorly  over  C6,  without  fracturing  vertebrae  in  six  of  fourteen  specimens. 
During  the  compression  the  cervical  spine  took  on  a  characteristic  shape,  the  "ducking"  shape, 
where  the  superior  end  of  the  specimen  was  in  extension  and  the  inferior  end  was  in  flexion 
(analogous  to  ducking  your  head  to  go  under  a  low  obstacle).  The  peak  axial  load  measured  in 
the  six  specimens  that  had  bilateral  locked  facets  was  325  lb. 

McElhaney,  et  al91  studied  the  time-dependent  responses  of  cervical  spine  specimens  to  dynamic 
compressive  loading.  They  demonstrated  that  the  neck’s  mechanical  response  can  be 
preconditioned,  i.e.,  there  was  a  decrease  in  stiffness  of  an  equilibrated  specimen,  one  that  has 
been  unloaded  for  at  least  24  hours,  as  it  was  cyclically  deformed  0.7  cm  at  20  Hz.  After 
approximately  ISO  cycles,  a  steady  state,  or  mechanically  stabilized  state,  was  reached.  The 
change  in  stiffness  was  thought  to  be  due  to  the  osmotic  state  of  the  vertebral  discs.  A 
mechanically  stabilized  spine  was  found  to  have  a  stiffness  that  increased  by  60%  when  the 
deformation  rate  was  increased  from  0.1  cm/sec  to  64  cm/sec  for  deformations  up  to  0.S  cm. 

The  fracture  patterns  of  the  mechanically  stabilized  specimens  were  found  to  be  extremely 
sensitive  to  the  placement  of  the  axial  load  relative  to  the  axis  of  the  specimen.91  Burst  fractures 
were  produced  with  straight  or  slightly  flexed  specimens.  Eccentric  loads  applied  up  to  1  cm 
anteriorly  produced  anterior  wedge  fractures.  Jefferson  fractures  were  produced  with  straight 
or  slightly  extended  specimens.  Eccentric  loads  applied  1  cm  posteriorly  produced 
extension/compression  fractures. 

Maiman,  et  al92  produced  flexion,  compression,  and  pure  axial  loading  in  isolated  cervical 
spines  that  were  loaded  with  a  hydraulic  piston.  Four  of  the  specimens  were  placed  in  a  25° 
pre- flexed  position  and  one  was  placed  in  a  25°  pre-extcnded  positions.  The  other  five 
specimens  were  aligned  with  the  piston,  The  mean  peak  load  for  the  vertically  positioned 
specimens  was  907  ±  519  lb  (n»5),  for  the  four  pre-flexed  specimens  the  mean  peak  load  was 
418  ±  216  lb  (n*4),  and  for  the  single  pre-extended  specimen  the  peak  load  was  150  lb.  Of 
note  were  three  cases  of  atlantoaxial  dislocation,  two  occurring  in  the  pre-flexed  mode  and  the 
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other  in  the  pre-extended  mode.  The  mean  peak  load  for  the  atlantoaxial  dislocations  was  231 
±  1461b  (n=3). 

McElhaney,  et  al93  measured  flexural  and  axial  bending  stiffness  in  cervical  spine  specimens 
with  a  test  fixture  that  could  create  two  different  end  conditions.  In  one  configuration  the 
superior  and  inferior  ends  of  the  specimen  were  free  to  translate  vertically  and  rotate  in  the 
sagittal  plane.  The  specimens  were  loaded  with  an  eccentric  load.  Constant  velocity  (quasi¬ 
static)  failure  of  four  specimens  with  this  end  condition  produced  dislocations  with  the  primary 
failure  mechanisms  being  disruption  of  the  ligamentum  flavum,  interspinous  ligament  and  the 
capsular  ligaments.  The  average  flexion  angle  change  was  46.°  The  mean  peak  axial  load  was 
only  50  lbs,  and  the  mean  peak  moment  measured  at  the  inferior  end  of  the  specimen  was  66 
in  lb  In  the  second  configuration  the  inferior  end  of  the  specimen  was  not  allowed  to  rotate. 
Failures  in  this  mode  had  mean  peak  axial  loads  of  430  lbs  and  mean  peak  moments  of  6.2  ft  lb 
The  mean  angle  at  the  time  of  maximum  moment  was  19.°  The  failure  mechanisms  were 
disruption  of  the  posterior  ligaments,  as  well  as  wedged  vertebral  bodies  and  discs. 

Pintar,  et  al94  studied  the  anatomical  alteration  of  bony  and  soft  tissue  under  failure  loads. 
Seven  fresh  head/neck  complexes  were  loaded  to  failure  with  a  constant  deformation  rate  of 
2  mm/sec  (quasi-static).  The  spines  were  set  in  a  vertical  orientation  and  loaded  through  the 
skull.  Failure  was  defined  as  a  drop  in  the  force  vs  time  trace.  Failure  loads  had  a  mean  value 
of  516  ±  160  lb  (n=7),  and  a  mean  deformation  of  2.5  ±  1.0  cm,  which  includes  skull 
deformation  as  well  as  neck  deformation.  The  specimens  were  frozen  in  the  compressed  state 
and  sectioned  in  order  to  determine  the  anatomical  alterations  of  the  soft  and  hard  tissues  and 
the  time  the  injury  occurred.  One  specimen  was  considered  to  have  failed  in  pure  compression, 
two  in  flexion/compression  and  four  in  extension/compression. 

Pintar,  et  al95  did  a  temporal  study  of  cervical  fractures  using  six  isolated  cadaver  spine/head 
specimens.  The  spines  were  positioned  so  that  the  natural  lordosis  was  removed  and  the  axis 
of  the  cervical  spine  was  aligned  with  the  trajectory  of  a  padded  impactor  that  struck  the  crown 
of  the  head  at  speeds  ranging  from  9.7  to  26.7  ft/sec.  Each  cervical  specimen  was  tagged  with 
reflective  targets  that  were  filmed  at  high  speed.  The  neck  loads  were  measured  at  the  base  of 
the  specimen.  The  mean  peak  compression  had  was  788  lb  ±  437  lb  (n  =  6).  The  lowest  peak 
force  of  264  lb  produced  a  wedge  fracture,  while  a  load  of  820  lb  produced  a  burst  fracture. 
The  burst  fractures  occurred  over  a  period  of  2ms,  while  the  compression  fracture  had  a  period 
of  approximately  4ms. 

Recently  Nightingale,  et  al9*  axially  loaded  cervical  specimens  with  three  different  constraints 
on  the  superior  end  of  the  specimen:  no-constraint  (fore-aft  translation  and  rotation  in  the 
sagittal  plane),  rotational  constraint  (fore-aft  translation)  and  full  constraint.  The  inferior  end 
was  allowed  to  translate  along  the  vertical  axis.  This  study  sums  up  much  of  the  previous  work 
on  the  importance  of  the  head/torso  position  at  the  time  the  neck  is  quasi-statically  loaded. 
Table  5  summarizes  the  results  of  this  study.  In  the  no-constraint  mode  the  neck  was  able  to 
undergo  flexion  until  chin  contact  would  have  transferred  loads  to  the  torso  (if  a  chin  and  torso 
had  been  there).  There  were  no  injuries  to  the  specimens  in  this  mode.  With  rotational 
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constraint  placed  on  the  occipital  condyle  joints,  axial  loads  produced  bilateral  locked  facets  in 
all  six  specimens  with  a  mean  peak  load  of  387  ±  277  lb  (n=6).  Based  on  the  schematics 
shown  in  their  paper,  the  cervical  spine  took  on  the  ducking  shape  described  by  Bauze  and 
Ardran;90  the  superior  end  was  in  extension,  while  the  inferior  end  was  in  flexion.  A  six-axis 
load  call  measured  moments  at  the  inferior  end  of  the  specimen,  but  moment  data  were  reported 
for  only  one  specimen.  This  specimen  had  a  peak  flexion  moment  in  the  sagittal  plane  of  7.4 
ft  lb,  which  is  similar  to  the  flexion  moment  measured  by  McElhaney,  et  al.91  When  the  head 
was  completely  constrained,  axial  loads  produced  burst  and  wedge  fractures  in  all  six  specimens; 
and  the  mean  peak  fracture  load  was  1081  ±  289  lb.  Moments  were  reported  to  be  negligible 
for  these  fractures  in  this  constraint  mode.  The  mean  deformation  at  the  time  of  fracture  was 
1.4  ±  0.4  cm.  The  good  repeatability  in  this  study,  both  in  terms  of  injury  type  and  magnitude 
of  loads,  is  probably  due  to  the  rigorous  control  of  the  ends  of  the  cervical  specimens  in  this  test 
setup. 
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Table  6  summarizes  the  deformation  velocities,  peak  forces  and  injury  modes  for  the  studies  that 
loaded  cervical  spine  specimens  in  the  axial  direction.  The  longitudinal  axis  of  each  specimen 
was  aligned  with  the  applied  compression  force  except  as  footnoted.  In  many  cases  there  were 
multiple  damage  sites  in  the  specimens  and  the  placement  of  a  test’s  results  in  a  certain  injury 


1  Specimen*  were  pre-flexed  or  pro-extended  25*  prior  to  loading. 
*  Maximum  peak  load  for  all  aix  teeU. 

’  Specimeue  were  pre-flexed  25*  prior  to  loading 
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category  is  based  on  the  author’s  description  of  the  damage  to  the  failed  specimen.  The 
fractures  of  Cl  and  C2  are  distinguished  from  fractures  to  the  lower  cervical  vertebrae,  C3 
through  C7.  Fractures  to  the  lower  cervical  vertebrae  are  broadly  covered  under 
extension/compression  and  flexion/compression  injuries,  a  category  that  includes  all  specimens 
that  received  anterior  wedge  or  burst  fractures. 

These  data  indicate  that  the  neck  acts  as  a  beam  with  varying  stiffness.  When  the  neck  is  pre¬ 
flexed  or  pre-extended  at  the  time  that  an  axial  load  is  applied,  failure  occurs  at  relatively  low 
forces.  Atlantoaxial  dislocations  can  occur  at  relatively  low  axial  forces  of  approximately  250 
lb  if  the  neck  is  hyperextended  or  hyperflexed  at  the  time  the  load  is  applied.  If  the  head  is  not 
allowed  to  rotate  when  the  lower  neck  is  placed  in  flexion,  an  axial  load  of  approximately  350 
lbs.  can  produce  bilateral  locked  facets. 

The  mean  peak  fracture  loads  measured  in  the  studies  that  produced  flexion/compression  and 
extension/compression  injuries  show  a  large  amount  of  scatter.  The  mean  fracture  force  would 
be  expected  to  show  some  dependence  on  the  deformation  velocity,  since  most  biological 
materials  exhibit  viscoelastic  properties  that  allow  them  to  increase  their  load  carrying  capacities 
as  the  duration  of  the  load  decreases.  Surprisingly,  these  data  presented  in  Table  6  do  not 
support  this  viscoelastic  behavior.  For  example,  specimens  compressed  at  1  cm/sec  had  a  mean 
fracture  of  1081  lb  in  one  study,96  while  those  compressed  at  constant  speeds  ranging  from  295- 
813  cm/sec  had  a  mean  fracture  force  of  789  lb  in  another  study.95 

Some  of  the  scatter  in  the  fracture  forces  could  be  due  to  differences  in  the  specimens,  but  the 
most  probable  explanation  appears  to  be  the  method  used  to  restrain  the  superior  end  of  the 
specimen.  Most  specimens  included  at  least  the  base  of  the  skull,  while  some  retained  the  entire 
skull.  When  the  test  mount  for  the  superior  end  of  the  specimen  was  closely  coupled  with  the 
occipital  condyle  joints,  the  fracture  loads  were  high.90  96  In  these  studies  the  attachment  plate 
was  attached  to  the  base  of  the  skull,  directly  on  the  foramen  magnum  and  over  the  occipital 
condyle  joints.  When  the  compression  load  was  applied  directly  to  the  top  of  the  skull  with  a 
flat  plate,92,94  95  or  a  plastic  filled  skull  with  the  piston  inserted  into  the  plastic,94  or  a  plate  placed 
on  a  horizontal  plane  of  the  skull,92  the  load  was  applied  away  from  the  occipital  condyle  joints 
and  the  fracture  loads  were  low. 

The  influence  of  rigid  support  is  evident  within  a  study  as  well.  In  the  study  by  Maiman,  et  al,92 
all  but  one  of  the  specimens  (#520)  retained  the  entire  skull  or  at  least  a  significant  portion  of 
the  base.  The  superior  end  of  this  specimen,  which  was  from  a  64-year-old  subject,  was  intact 
only  up  to  Cl,  and  it  was  supported  at  Cl  for  the  compression  tests.  This  specimen  had  a 
fracture  force  of  1672  lb,  over  double  the  mean  value  of  the  other  specimens  that  were  loaded 
through  the  skull,  715  ±  338  lb  (n=4).  In  this  case  elimination  of  the  occipital  condyle  joints 
from  the  specimen  appears  to  have  made  it  significantly  stiffer  than  the  other  specimens. 

Close  coupling  of  the  load  application  to  the  occipital  condyle  joints  probably  reduces  the 
rotation  of  the  skull  about  these  joints.  With  minimal  rotation,  both  load-bearing  paths  of  the 
cervical  spine,  the  vertebral  discs  and  the  posterior  elements  can  be  loaded,  and  the  fracture 


92 


force  tends  to  be  high.  When  the  specimen  is  loaded  through  the  skull,  any  eccentricities,  or 
deviations,  of  the  load  path  from  the  center  of  the  spine  are  magnified.  Once  rotation  occurs, 
one  set  of  load-bearing  elements  will  be  preferentially  loaded,  and  the  greater  the  rotation,  the 
greater  the  preferential  loading.  In  this  case,  the  force  at  the  time  of  fracture  is  a  combination 
of  the  fracture  force  of  the  load-bearing  element  that  received  the  load  and  any  load  received  by 
other  load-bearing  elements. 

The  slight  eccentricity  in  the  applied  load,  which  leads  to  a  decrease  in  the  axial  load  required 
to  produce  a  fracture,  also  leads  to  an  increase  in  the  moment  in  the  sagittal  plane.  Pintar,  et 
al94  measured  a  mean  flexion  moment  of  61.6  ft  lb  in  six  of  their  specimens  and  an  extension 
moment  of  74  ft  lb  in  the  other  specimen  tested  and  Pintar,  et  al9S  measured  a  mean  flexion 
moment  of  82  ft  lb.  On  the  other  hand,  Nightingale,  et  al%  reported  negligible  flexion  moments 
during  the  fracture  of  their  fully  constrained  specimens.  Based  on  this  assessment,  an 
interpretation  of  the  flexion/compression  fracture  data  would  be  that  the  data  with  negligible 
moments91 96  represents  true  axial  loading  where  both  load-bearing  structures  are  used,  and  that 
the  data  from  tests  where  large  moments  are  developed94  95  represents  slightly  flexed  specimens 
where  the  vertebral  column  is  loaded  preferentially  over  the  posterior  elements. 

Proposed  Criterion 

The  principal  aim  of  the  literature  review  was  to  obtain  information  that  could  be  used  to 
develop  injury  criteria  for  compression  fractures  and  dislocations.  The  simplest  form  of  an 
injury  criterion  provides  a  threshold  number  for  the  application  of  a  quasi-static  load,  above 
which  injury  is  produced  and  below  which  no  injury  occurs.  The  approach  used  here  assumes 
that  this  threshold  number  represents  a  50%  probability  line,  where  half  the  people  exposed  to 
the  force  would  receive  an  injury  and  the  other  half  would  not.  Such  a  criterion  is  based  on 
mean  values  from  the  experimental  injury  data.  In  using  this  type  of  criterion  one  simply  looks 
at  the  transducer  output  for  the  occurrence  of  a  force  or  moment  above  the  threshold  value. 

Compression  fractures  have  been  demonstrated  in  experimental  situations  with  the  cervical 
spine/head  system  aligned  with  the  direction  of  the  compression  force.  There  appear  to  be  two 
modes:  one  where  the  compression  load  is  aligned  with  the  axis  of  the  spine,  and  the  other 
where  there  is  some  slight  eccentricity  created  in  the  test  setup.  The  threshold  value  axial 
loading  is  based  on  the  Nightingale,  et  al94  data  and  the  threshold  value  for  compression  fractures 
due  to  the  axial  loading  with  eccentricity  is  based  on  the  Pintar,  et  al96  data.  Both  of  the  data 
sets  represent  quasi-static  compressions.  Based  on  the  limited  data  available,  this  threshold  value 
appears  to  be  applicable  both  for  flexion  and  extension  moments. 

Compression  Axial  leading  —  1080  lb,  minimal  moment  in  the  sagittal  plane. 

Compression  Axial  Loading  with  Eccentricity  —  600  lb,  70  ft  lb  moment  in  the  sagittal  plane. 

There  is  limited  information  on  cervical  tension  injuries.  Locked  facets  are  clinically  reduced 
using  traction  forces  up  to  150  lbs,  but  the  usual  reductions  are  performed  using  a  tension  force 
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between  50-100  lbs.97  Mertz  and  Patrick  measured  noninjurious  tensile  levels  of  250  lbs  in 
human  subjects.9®  Due  to  the  lack  of  information  on  a  single  injury  value,  the  250  lb  appears 
to  be  the  best  criteria,  albeit  very  conservative  for  quasi-static  loads. 

Tensile  Axial  Loadina  -  250  lb,  quasi-static. 

Based  on  the  two  studies9096  that  created  bilateral  locked  facets  in  experimental  situations,  they 
occur  at  a  force  of  approximately  300-400  lb,  when  the  head  is  unable  to  rotate  or  flex  forward 
about  the  upper  neck.  When  the  facets  dislocate  the  neck  undergoes  flexion  at  the  inferior  end 
and  extension  at  the  superior  end,  the  so-called  "ducking"  shape.  The  flexion  moment  measured 
at  the  inferior  end  is  approximately  7.5  ft  lb.94  No  data  were  found  that  reported  on  the  moment 
at  the  superior  end.  There  is  not  enough  data  to  completely  quantify  the  situation,  but  any 
conditions  that  have  axial  loads  greater  than  250  lbs  and  place  the  neck  in  the  ducking 
configuration  with  moments  on  the  order  of  5-10  ft  lb  has  the  possibility  of  producing  a 
dislocation.  The  extension  moment  at  the  superior  end  of  the  specimen  is  assumed  to  be  similar 
in  magnitude  to  the  flexion  moment  measured  at  the  inferior  end. 

Dislocation  or  Locked  Facets  —  Compressive  axial  force  >  250  lb. 

Upper  neck  load  cell  places  neck  in  extension  relative  to  head  (My  =  5-10  ft  lb). 
Lower  neck  load  cell  places  neck  in  flexion  relative  to  torso  (My  =  5-10  ft  lb). 

One  of  the  main  advantages  to  having  two  load  cells  In  the  Hybrid  III  neck  is  that  the  sagittal 
plane  moment  (My)  can  be  analyzed  for  just  such  situations.  This  criterion  for  dislocated  facets 
points  out  the  benefit  of  having  both  upper  and  lower  neck  load  cells  in  ADAM.  These  changes 
in  neck  angles  are  subtle,  and  determination  of  the  direction  of  the  lower  neck  moment  from 
photographic  data  is  difficult,  if  not  impossible.  The  lower  neck  load  cell,  along  with  the  upper 
neck  load  cell,  provides  a  means  of  accurately  tracking  the  shape  and  load  paths  through  the 
neck  during  a  dynamic  event. 

There  was  no  literature  highlighted  in  this  review  which  effectively  described  dislocations  that 
occur  while  axial  tension  is  being  applied  to  the  neck. 

The  next  level  of  sophistication  for  an  injury  criterion  would  be  to  have  a  dynamic  criterion, 
i.e.,  one  that  takes  into  account  the  viscoelastic  nature  of  the  neck.  In  order  to  develop  such  a 
criterion,  data  on  fractures  produced  with  loads  of  varying  duration  is  necessary.  Such  data  is 
available,  but  unfortunately  the  expected  viscoelastic  effects  have  apparently  been  obscured  by 
the  effect  produced  by  using  different  end  conditions  to  support  the  specimens. 

An  approach  to  developing  a  time-dependent  criterion  is  illustrated  with  the  use  of  a  simple 
massless  viscoelastic  element  (Kelvin  element).  Examples  of  this  element  are  shown  in  Figure 
24.  When  a  force  (F)  is  applied  to  the  element,  the  spring  and  the  viscoelastic  element  generate 
a  force  such  that: 

F  =  kx  +  cx 
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where  k  is  the  linear  spring  constant,  c  is  the  damping  coefficient,  x  is  the  deformation  and  x 
is  the  velocity  of  the  deformation.  In  a  quasi-static  compression,  x  »  0,  all  the  compression 
force  is  used  to  compress  the  spring.  As  the  rate  of  deformation  increases,  the  cx  term 
becomes  more  important  and  much  of  the  input  force  goes  into  overcoming  the  resistance  of  the 
viscous  element.  For  long  duration  pulses,  the  maximum  strain  is  related  to  applied  force.  For 
short  duration  pulses,  the  maximum  strain  is  related  to  the  applied  impulse.  An  injury  criterion 
for  this  injury  model  is  set  by  defining  a  strain  in  the  element  at  which  an  injury  occurs. 

The  coefficients  that  go  into  this  injury  model  are  based  on  mean  values  from  the  experimental 
studies.  The  spring  constant  k  and  the  injury  strain  level  are  based  on  the  data  from 
Nightingale,  et  al.  The  mean  value  of  specimen  deformation  in  their  six  axially-loaded  spines 
was  1.4  cm,  and  the  mean  stiffness  of  the  specimens  was  343,450  N/m  (23,541  lb/ft).  The  value 
of  the  damping  coefficient  was  estimated  by  calculating  the  stiffness  of  the  three  specimens  in 
McElhaney,  et  al91  that  had  burst  fractures  and  whose  force  vs  deflection  curves  were  published. 
The  mean  dynamic  stiffness  of  these  three  specimens  was  434,968  N/m  (29,806  lb/ft),  which  is 
27%  greater  than  the  stiffness  measured  during  the  quasi-static  loading.  Note  that  this  is  less 
than  the  60%  increase  in  stiffness  measured  in  the  single  specimen  that  was  quasi-statically 
loaded,  and  then  loaded  at  64  cm/sec. 91  However,  during  these  non-failure  tests,  the  specimen 
was  only  deformed  0.5  cm. 

Figure  22  shows  a  viscoelastic  injury  criterion  for  axial  loading  with  a  square  wave  force  pulse. 
Note  that  this  curve  is  plotted  with  linear  coordinates.  Had  it  been  plotted  with  logarithmic 
coordinates,  it  would  have  a  shape  similar  to  the  acceleration-time  time  curve  in  Figure  4,  i.e., 
it  would  demonstrate  a  cross-over  point.  The  injury  criterion  line  is  a  line  of  constant  strain. 
Each  point  on  the  curve  gives  the  force  level  and  the  duration  for  which  the  neck  can  be  exposed 
to  that  force  level  without  reaching  the  injury  strain.  For  example,  the  neck  could  apparently 
withstand  a  8,896n  (2,000  lb)  force  for  3.5  milliseconds  without  fracture  and  a  5,338n  (1,200 
lb)  force  for  10  milliseconds  without  fracture.  The  4,804n  (1,080  lb)  force  listed  previously  as 
a  simple  injury  threshold  number  is  the  static  force  that  the  neck  can  withstand. 

This  approach  to  a  time-dependent  criterion  is  similar  to  the  criterion  proposed  by  Mertz,  et  al, 
whose  criterion  is  also  redrawn  in  Figure  22.  The  primary  difference  is  that  Mertz,  et  al  have 
placed  their  quasi-static  injury  level  at  1,1  12n  (250  lb),  which  is  based  on  the  noninjurious  static 
strength  of  the  neck  in  compression  that  was  measured  on  human  subjects.98  By  changing  the 
stiffness  coefficient  of  the  viscous  injury  model  to  k  =  79,358N/m  (5,438  lb/ft)  in  order  to 
reflect  this  different  quasi-static  injury  level,  the  injury  model  produces  a  curve  similar  to  the 
Mertz,  et  al  criterion. 

A  third  form  for  a  criterion  would  be  a  multi-dimensional  injury  model  where  multiple  inputs 
in  the  model  would  be  used  to  predict  the  possibility  of  injury.  An  example  of  such  an  injury 
model  is  a  two-dimensional  model  used  to  predict  cervical  fracture  caused  by  the  combination 
of  compression  loads  and  moments  in  the  sagittal  plane.  A  simplistic  approach  to  develop  such 
a  model  would  be  to  assume  some  relationship  between  the  axial  compression  force  and  the 
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Figure  22.  Viscoelastic  neck  injury  model. 
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MeUz  Criterion  - Nightingale  (1991) 


moment  in  the  sagittal  plane.  Only  two  points  are  required  to  establish  a  linear  relationship. 
Candidates  could  be  the  mean  value  of  the  fracture  of  Nightingale,  et  al96  (4,804n  (1080  lb)), 
where  insignificant  moments  were  produced,  and  the  mean  values  of  the  quasi-static  fracture 
loads  for  Pintar,  et  al94  (2,300n,  97.6n/it»  (517  lb,  72  ft  lb)).  Such  a  curve  is  shown  in  Figure 
23  as  the  straight  line  labelled  quasi-static.  The  original  data  from  Nightingale,  et  al96  and 
Pintar,  et  al94  have  also  been  plotted.  In  the  ideal  sense  the  criterion  again  represents  a  line  of 
constraint  strain.  During  quasi-static  testing  any  neck  outputs  from  the  Hybrid  III  that  place  a 
moment  and  force  combination  near  this  line  would  indicate  a  high  probability  of  compression 
fracture. 

Similarly  another  curve  could  be  drawn  to  represent  a  force  pulse  of  shorter  duration.  The  mean 
pulse  duration  (constant  velocity  deformation)  for  the  data  of  Pintar,  et  al95  was  7  milliseconds 
and  the  mean  values  for  the  axial  force  and  the  flexion  moment  for  this  data  were  3,509n  and 
1 1  lN/m  (789  lb,  82  ft  lb)  respectively.  A  quasi-static  estimate  of  fracture  load  can  be  obtained 
from  the  viscous  model  for  a  pulse  length  of  7  milliseconds,  6,005n  (1350  lb)  [see  Figure  22], 
This  line  is  shown  in  Figure  23  as  the  dynamic  curve.  Also  shown  in  Figure  23  are  the 
experimental  data  points  from  Pintar,  et  al.95  The  dynamic  criterion  represents  a  line  of  constant 
strain  for  load  applications  of  approximately  7  milliseconds. 

Figure  23  illustrates  a  number  of  important  points  that  have  been  previously  discussed.  First, 
there  is  considerable  scatter  in  the  data  from  study  to  study,  and  also  within  a  study.  The 
intrastudy  scatter  is  partially  due  to  variability  in  test  specimens  (as  a  function  of  age,  genetic 
makeup,  gender,  etc.)  and  a  lack  of  complete  control  of  experimental  conditions,  especially  the 
end  conditions  of  specimens. 

Second,  the  displacement  of  the  dynamic  criterion  from  the  quasi-static  criterion  quantitates  the 
effect  of  the  viscoelastic  behavior  of  the  neck.  Both  lines  represent  the  same  constant  strain,  but 
for  a  shorter  pulse  of  7  milliseconds,  higher  axial  forces  and  moments  can  be  tolerated  before 
the  injury  strain  is  reached. 

Third,  the  plot  points  out  why  the  viscous  effects  were  hidden  by  the  inclusion  of  moments  with 
the  compressive  load.  With  a  pure  axial  load,  the  viscous  effect  can  add  approximately  1 , 1  12n 
(250  lb)  to  the  quasi-static  fracture  force  when  the  load  is  applied  over  a  7  millisecond  span. 
On  the  other  hand,  the  inclusion  of  a  102N/m  (75  ft  lb)  moment  can  drop  the  axial  load  at  which 
the  specimen  fractures  by  600  lb,  a  much  greater  effect  than  can  be  produced  through  viscous 
forces  generated  in  the  tissue. 

The  final  form  of  the  recommended  injury  criterion  would  take  into  account  injuries  produced 
by  the  combination  of  forces  and  moments  (such  as  the  compression  fractures  that  are 
combinations  of  axial  compressive  and  bending  moments)  and  the  viscoelastic  properties  of  the 
neck.  The  input  to  such  a  model  would  be  the  output  data  from  the  neck  load  cells,  and  the 
output  of  the  injury  model  would  be  a  strain  proportional  to  the  probability  of  injury. 
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A  possible  form  for  such  criteria  is: 


Form  of 
Neck  Criterion 

where  sfp  is  the  strain  produced  by  the  neck  forces,  "SF  Limit"  is  the  injury  level  for  the  force 
strain,  S  M  is  the  strain  produced  by  the  moments,  "SM  Limit"  is  the  injury  level  for  the  moment 
strain,  and  the  "Cross  Product  Limit"  is  the  injury  strain  contribution  produced  by  the  coupling 
of  forces  and  moments.  Each  of  the  individual  strain  components  would  be  calculated  with  a 
viscoelastic  strain  model  that  would  account  for  the  viscoelastic  behavior  of  the  neck.  Maximum 
values  of  the  strain  vector  magnitudes  would  be  used  for  computation.  Figure  24  shows  a 
schematic  of  how  such  a  model  would  operate. 

The  injury  criterion  shown  in  Figure  22  is  a  simplified  version  of  this  injury  criterion  as  only 
the  axial  load  (Ff,^i)  and  sagittal  plane  moments  (My)  are  considered.  A  complete  injury  model 
would  include  the  lateral  )  and  fore-aft  (F^eir )  shear  forces  and  the  lateral  (MJ  and 
rotational  (MJ  moments.  y 

The  addition  of  the  lower  neck  load  cell  to  ADAM  enhances  the  use  of  such  a  criterion. 
Knowing  the  force  and  moment  state  at  each  end  of  the  neck  enables  the  force/moment  state 
throughout  the  length  of  the  neck  to  be  determined  through  the  use  of  a  free  body  diagram  (if 
the  precise  geometry  of  the  neck  is  known).  Thus  the  use  of  lower  neck  load  cells  allows  the 
criterion  to  be  applied  at  different  levels  of  the  neck  as  well  as  at  both  ends. 

Unfortunately,  insufficient  experimental  data  are  available  to  develop  a  uniform  injury  criterion 
for  the  multiple  force  and  moment  inputs  the  neck  receives.  The  lack  of  data  enhances  the  value 
of  the  injury  model  since  the  model  provides  a  means  of  extrapolating  over  areas  where  no  data 
exists,  i.e.,  provides  the  vehicle  to  make  an  educated  guess  about  injury  probability. 

One  of  the  primary  goals  of  cervical  research  is  the  development  of  accurate  neck  injury  criteria. 
The  development  of  a  unified  neck  injury  model,  even  without  the  supporting  experimental  data, 
would  provide  direction  for  the  experimental  work  so  that  the  goal  can  be  achieved  sooner.  The 
model  would  point  out  where  gaps  in  the  data  exist  and  allow  researchers  to  design  experiments 
that  would  generate  the  data  to  fill  the  gaps. 

Thoracolumbar  Spine 

Literature  Review 

Numerous  investigations  have  assessed  thoracolumbar  spine  injury  criteria  as  reflected  in  the 
literature  search  listing.  Comprehensive  reviews  of  note  have  been  presented  by  Nyquist  and 
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Figure  24.  Schematic  of  injury  model  that  would  use  all  of  the  ADAM  neck  data  to  predict  injury. 

King  in  their  chapter  on  the  spine  as  part  of  the  Review  of  Biomechanical  Impact  Response  and 
Injury  in  the  Automotive  Environment,  edited  by  Melvin  and  Weber.61  Other  useful  publications 
are  "Physiopathology  and  Pathology  of  Spinal  Injuries"  in  Aerospace  Medicine  (Second  Edition) 
by  R.P.  Delahaye  and  R.  Auffret,  AGARD-AG-250(Eng)  published  in  1982;  "The  Human 
Spinal  Column  and  Upward  Ejection  Acceleration:  An  Appraisal  of  Biodynamic  Implications" 
by  John  H.  Henzel,  AMRL-TR-66-233,  September  1967;  and  the  Handbook  of  Human 
Tolerance  by  McElhany,  Roberts  and  Hillyard,  published  in  1976.  Multiple  other  useful  sources 
are  listed  in  the  references. 

Although  other  human  tolerance  criteria  arc  noted  in  the  literature  such  as  tension,  shear  and 
bending  or  rotational  failure  as  stated  by  Yamada  in  1970  and  reported  by  Nyquist  and  King, 
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the  operationally  most  critical  thoracolumbar  spine  injury  mechanism  is  vertebral  body 
compressive  failure,  with  or  without  dislocation,  as  defined  in  Section  3  of  this  document. 
Vertebral  compression  injury  is  structural  in  nature,  but  the  most  significant  aspect  of  the  injury 
is  the  potential  functional  disturbances  from  associated  neurological  deficits.  However, 
neurological  injury  is  an  inappropriate  basis  for  an  injury  criterion  since  only  about  6%  of  spinal 
bony  injuries  have  associated  spinal  cord  pathology. 

Significant  contributions  have  been  made  by  various  investigators  whose  data  on  thoracic  and 
lumbar  vertebral  body  compressive  failures  are  summarized  in  Tables  7  and  8.  The  data  by  Ruff 
(1940)  was  obtained  by  static  loading  of  segments  of  the  spine,  although  he  did  investigate 
dynamic  states.  From  the  force  time  histories,  he  concluded  that  for  loading  exposure  periods 
of  5  milliseconds  to  1  sec,  structural  tolerance  was  determined  by  the  static  compressive  strength 
of  the  most  susceptible  vertebra,  but  for  forces  lasting  less  than  5  milliseconds  the  structural 
tolerance  was  determined  by  the  dynamic  strength  of  the  most  susceptible  vertebra.  Perey 
(1957)  performed  dynamic  as  well  as  static  loading  of  lumbar  vertebral  bodies  and  additionally 
made  differentiations  in  performance  on  the  basis  of  age.  Percy’s  values  as  listed  in  Table  8  are 
for  subjects  under  60  years.  Using  cadaver  specimens,  Yoganandan  (1985)  established 
microfailure  loads  as  80%  of  catastrophic  failure  loads.  Nyquist  and  King,  among  others, 
recognized  time  dependence  as  a  determinant  in  compressive  load  failure  levels  of  thoracolumbar 
vertebral  bodies.  The  variations  noted  among  the  values  are  in  part  related  to  lack  of  control 
for  subject  age  and  variations  in  rate  of  load  application. 


Table  7  -  LISTING  OF  thoracic  compressive 

FAILURE  TESTS 

Vorro»A 

Average  Load  (kn) 

Study 

T8 

5.81 

Geertz 

5.25 

Crocker  Sc  Higgins 

5  85 

Ruff 

Middle  Thoracic 

3.38 

Yamada 

T9 

6.62 

Geertz 

6  64 

Ruff 

T10 

7.24 

Geertz 

7.26 

Ruff 

Til 

7.55 

Geertz 

7.56 

Ruff 

T12 

7.80 

Geertz 

7.81 

Ruff 

9.53 

Crocker  Sc  Higgins 

Lower  Thoracic 

4.48 

Yamada 

Thoracolumbar 

11.03  (±1.42) 

Yoganandan 
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Table  8 '  LISTING  OF  LUMBAR  COMPRESSIVE 
FAILURE  TESTS 


VERTEBRA 

averaqb  Load  (kn) 

Study 

Thoracolumbar 

11.03  (±1.42) 

Yoganandan 

LI 

7.95/5.09 

Geertz/Perez 

7.96 

Ruff 

11.01 

Crocker  Sc  Higgins 

L2 

8.55/5.87 

Geertz/Perez 

8.56 

Ruff 

L3 

9.59/6.21 

Geertz/Perez 

9.61 

Ruff 

L4 

9.62/6.36 

Geertz/Perez 

9.64 

Ruff 

L5 

10.50/5.77 

Geertz/Perez 

10.52 

Ruff 

Lumbar  Vertebrae 

5.03 

Yamada 

A  substantial  number  of  pilot  ejection  studies  have  yielded  data  on  injury  severity  and  injury 
location  and  have  established  the  influence  of  spine  position  at  ejection  as  a  significant  modifier 
of  spine  injury. 

A  number  of  studies,  some  using  animal  materials  (Kazarian,  Eurell),  have  been  conducted  to 
establish  bone  failure  patterns  under  thoracolumbar  compressive  loading  at  microscopic  and 
macroscopic  levels.  Some  (Eurell)  included  stress  and  strain  rate  dependence  as  well  as  ultimate 
strength  determinations  in  assessing  bone  responses  to  compressive  stress.  The  latter  studies  are 
indicators  of  a  dynamic  response  to  loading  of  the  thoracolumbar  spine. 

For  the  most  part,  studies  relating  to  failure  loads  at  individual  vertebral  bodies  have  found 
application  principally  as  database  sources  for  parameters  to  be  used  in  large  scale  multibody 
lumped  parameter  models  such  as  that  accomplished  by  Belytschko."  These  models  have  been 
used  to  explore  characteristics  of  the  human  spine  during  dynamic  response  to  impact  events, 
but  the  models  have  not  been  amenable  to  detailed  validation  at  the  individual  spinal  segments 
for  use  as  an  overall  injury  criterion.  Once  again,  the  lumped  parameter  viscoelastic  model  has 
thus  far  been  used  most  effectively  as  an  overall  criterion  for  injury  despite  the  attendant  loss 
of  observability  of  underlying  structural  behavior.  Clearly,  each  model  has  its  place  and  serves 
effectively  in  its  intended  use.  The  lumped  parameter  viscoelastic  model  has  its  natural 
application  in  the  definition  of  pass-fail  situations  and  can,  in  some  cases,  serve  as  an  injury 
probability  function. 

As  previously  noted,  the  foundational  work  in  this  area  was  that  of  Stech  and  Payne78  in  1969. 
The  original  work  described  the  behavior  of  the  human  body  in  response  to  an  impact  event  in 
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terms  of  a  simple,  single  deg  ree-of- freedom  viscoelastic  model.  To  quote  a  prescient  statement 
from  Stech  and  Payne, 

"Unfortunately,  insufficient  experimental  data  are  available  at  present  to  describe  the 
dynamic  characteristics  of  all  the  various  tissues  involved  in  the  injuries  sustained  by 
the  human  body  when  it  is  subjected  to  large  accelerations.  Far  from  precluding  the 
use  of  the  dynamic  models,  this  situation  emphasizes  the  use  for  them,  because  they 
furnish  the  most  accurate  description  available  of  dynamic  response  to  acceleration 
and  a  logical  basis  for  extrapolation  when  it  is  necessary." 

Stech  and  Payne  based  their  Dynamic  Response  Index  approach  upon  assessments  of  vertebral 
stiffness  and  breaking  strengths.  Overall  natural  frequencies  were  computed  and  assessed  as  a 
function  of  age.  Damping  ratios  for  the  model  were  assessed  on  the  basis  of  impedance 
experiments.  Damping  ratios  determined  by  their  method  ranged  from  approximately  0.2  to  0.4. 
Natural  frequencies  in  their  spine  model  fell  in  the  range  from  7  to  9  Hz.  Directions  were  also 
established  to  attempt  a  transverse  DRI  model  for  the  human  body,  but  these  directions  were  not 
subsequently  pursued  with  vigor  until  more  recent  work  by  Brinkley.100  80 

The  Dynamic  Response  Index  could  have  been  approached  as  a  strain  model,  but  its 
implementation  thus  far  has  been  defined  as  an  acceleration  response  model  in  which  the  peak 
resulting  acceleration  in  the  mass  attached  to  an  accelerating  base  by  a  spring-damper  system 
was  computed.  This  approach  had  some  conceptual  appeal  since  the  amplified  acceleration  value 
observed  in  the  mass  was  sometimes  considered  as  representing  the  dynamic  amplification 
observed  in  portions  of  the  body  not  well  coupled  to  an  accelerating  base.  The  strain  approach 
may  be  intuitively  considered  as  related  to  a  strain  response  in  tissue  necessary  to  produce 
injury,  but  the  strain  response  of  the  model  usually  has  no  directly  attributable  anatomic  analog. 

In  its  application,  the  DRI  has  not  only  demonstrated  useful  correlation  with  spinal  injury 
likelihood  in  occupants  utilizing  a  variety  of  ejection  seats  with  similar  and  complex  acceleration 
time  histories,  but  has  also  been  used  to  successfully  predict  the  likelihood  of  spinal  injury  in 
applications  involving  other  sources  of  generally  vertical  impact. 

Proposed  Criterion 

Given  the  considerable  success  of  the  Dynamic  Response  Index  as  a  usable  spinal  injury 
criterion,  less  attention  was  focused  on  the  development  of  a  new  criterion  for  spinal  injury  for 
use  with  ADAM.  However,  the  following  observations  are  offered  for  its  implementation. 

The  typical  input  to  the  DRI  model  is  a  seat  acceleration  time  curve.  Within  the  ADAM 
manikin,  three  linear  triaxial  accelerometers  are  mounted  in  the  pelvis  and  provide  a  suitable 
basis  for  an  analogous  acceleration  curve.  These  data  may  be  potentially  more  applicable  than 
seat  data  since  they  include  the  effects  on  acceleration  input  to  the  spine  from  dynamics  of  the 
seat  cushion.  The  implementation  would  be  shown  in  Equation  (10),  with  representing  the 
vector  sum  of  the  component  strains. 
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Form  of  T-L 
Spine  Criterion  = 
(Acceleration) 
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Other  alternative  sources  of  data  available  within  ADAM  include  a  six-axis  load  cell  mounted 
at  the  lower  end  of  the  lumbar  spine.  This  device  provides  data  which  includes  two  orthogonal 
shear  forces  as  well  as  an  axial  load  measurement  in  the  spine  and  three  orthogonal  moment 
measurements.  These  are  measurements  of  force  and  torque  instead  of  acceleration  and  are  not 
directly  comparable  to  the  acceleration  time  history  conventionally  used  as  input  to  the  DRI. 
Two  alternative  approaches  to  viscoelastic  models  can  be  envisioned  with  force  or  torque  as  the 
input.  One  approach  would  be  to  use  the  conventional  spring- mass-damper  model  allowing 
conventional  assignment  of  parameters  to  yield  the  observed  model  natural  frequency.  However, 
instead  of  accelerating  the  base,  a  force  input  could  be  mathematically  applied  directly  to  the 
mass.  The  other  approach  would  be  to  omit  the  mass  altogether  and  utilize  a  direct  force  input 
to  a  Kelvin  unit  formed  by  a  spring  and  damper  arranged  in  parallel.  For  evaluation  of  the 
typical  ejection-related  thoracolumbar  compression  injury,  the  principal  strain  model  would  be 
that  based  upon  axial  force.  However,  the  output  of  the  other  five  load  cell  channels  from  the 
lumbar  unit  could  also  be  evaluated  using  spring-damper  models  allowing  the  formulation  of  a 
two-component  shear  strain  vector  and  a  three-component  moment  vector.  These  could  be 
employed,  as  shown  in  Equation  (11),  to  define  an  overall  approach  to  viscoelastic  modelling 
of  the  spine  with  assessment  of  interaction  between  axial  compression  and  simultaneously  applied 
shear  or  bending  forces  moments.  The  approach  is  diagramed  in  Figure  25. 
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For  the  near  term,  each  of  the  variable  terms  in  the  equation  could  be  treated  as  a  separate 
criterion.  The  most  prominent  of  these,  of  course,  for  current  use,  would  be  the  axial  term. 
Use  of  the  multiterm  approach  as  the  principal  injury  criterion  may  allow  greater  specificity  in 
the  ADAM  application  to  predict  injury  in  circumstances  where  the  ADAM  manikin  is  less  well 
coupled  to  the  seat  or  in  the  case  of  stresses  other  than  those  which  are  principally  vertical  or 
aligned  with  the  spinal  axis. 
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Chest  and  Abdomen 


Literature  Review 

As  defined  in  Section  3,  it  is  believed  that  the  operational  incidence  of  significant  thoracic  and 
abdominal  injury  does  not  merit  the  development  of  separate  injury  criteria.  Furthermore,  the 
localized  nature  of  injuries  to  soft  tissue  structures  makes  the  instrumentation  problem  more 
difficult  for  incorporation  into  a  practical  ATD.  However,  studies  have  been  instituted  to 
explore  that  potential.  Noteworthy  among  these  is  the  recent  study  by  Schneider,  et  al‘01 
sponsored  by  the  US  Department  of  Transportation  and  published  in  November  1989.  The  data 
on  thoracic  and  abdominal  impact  response  to  a  variety  of  stressors  is  reviewed  as  well  as  a 
review  of  injury  mechanisms  for  structures  within  these  body  regions.  Injury  criteria  are 
discussed,  including  notions  of  absorbed  energy  as  a  metric,  based  upon  a  suggestion  by 
Eppinger  and  Marcus.  However,  due  to  the  attendant  difficulties  in  instrumentation  design, 
approaches  employing  measurement  of  displacement,  velocity,  or  acceleration  are  settled  for. 
The  previously  discussed  viscous  criterion  for  the  chest,  in  which  the  velocity  of  displacement 
as  multiplied  by  the  percentage  of  strain  in  an  antero-posterior  (AP)  direction,  is  employed.  The 
approaches  for  the  abdomen  appeared  less  satisfactory,  but  a  viscous  criterion  approach  was  also 
recommended  there.  Redesigned  alternatives  for  instrumentation  of  the  chest  and  abdomen  are 
explored  as  well.  If  chest  or  abdominal  injury  criteria  should  be  required  for  future  applications 
of  ADAM,  this  work  serves  as  a  suitable  basis  for  considering  instrumentation  requirements. 
However,  it  would  appear  that  a  suitable  definition  of  an  injury  criterion  or  criteria  for  the 
abdomen  must  await  further  experimental  substantiation. 

Upper  and  Lower  Extremities 

Literature  Review 

Assessment  of  long  bone  fracture  differs  conceptually  from  the  study  of  tolerance  to  short 
duration  loads  for  the  head  and  the  multi-element  neck,  and  thoracolumbar  spine.  The  long 
bones  of  the  extremities  represent  individual  structural  elements  composed  of  cortical  and 
cancellous  bone.  Bone  is  the  basic  structural  element  providing  support  to  the  soft  tissues  of  the 
body  and  appropriately  achieves  its  greatest  strength  in  compression.  Fractures  tend  to  initiate 
at  points  of  local  tension  with  fracture  lines  typically  propagating  rapidly  if  the  stress  is 
maintained  following  fracture  initiation.  Bone  has  been  noted  to  be  a  viscoelastic  structure 
responding  to  stresses  with  both  elastic  and  plastic  behavior.  Behavior  of  extremity  long  bones 
under  short  duration  loading  has  been  investigated  principally  in  conjunction  with  the  study  of 
automotive  crash  injury.  These  studies  have  most  often  centered  upon  stresses  applied  to  the 
lower  extremity.  In  particular,  attention  has  centered  upon  axial  loading  of  the  femur  with 
forces  typically  applied  at  the  knee  with  the  hip  and  knee  flexed.  These  data  have  been  pursued 
vigorously  as  a  result  of  requirements  stemming  from  the  Federal  Motor  Vehicle  Safety 
Standards  and  the  various  approaches  which  have  used  knee  bolsters  as  forward  restraint 
components  for  frontal  crash  protection.  Reasonable  reviews  are  available  in  Melvin  and 
Webber,  as  well  as  The  Handbook  of  Human  Tolerance  by  McElhaney,  et  al. 
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Various  authors  have  studied  static  breaking  strength  for  the  femur.  Results  of  these  led  to  the 
adoption  of  a  constant  femur  axial  load  limit  of  7,600  newtons  (1  700  lbs).  However,  a  variety 
of  studies  have  demonstrated  that  femur  tolerance  increases  substantially  for  shorter  duration 
loading  events.  King,  et  al102  described  a  substantial  increase  in  tolerance  to  axial  loading  for 
short  duration  events.  They  proposed  a  rate-dependent  model  allowing  substantially  increased 
loads  for  shorter  duration  pulses.  King,  et  al  also  pointed  out  an  observed  amplification  of  the 
applied  input  pulse  for  load  sensing  devices  in  a  VIP-50  dummy  femur  load  cell.  These 
observations  argued  strongly  for  an  approach  to  femur  injury  criterion  definition  which  took  into 
account  the  viscoelastic  characteristics  both  of  the  human  femur  and  the  test  surrogate.  Viano 
published  significant  papers  on  femur  injury  criteria  in  1976  with  Khali!103  and  in  1977. 104 
In  the  first,  he  demonstrated  an  interesting  behavior  in  dynamic  femur  fracture  characteristics. 
The  average  fracture  load  decreases  somewhat  below  static  fracture  load  levels  for  pulse 
durations  in  the  20  to  45  millisecond  range.  He  believed  this  to  be  related  to  the  stimulation  of 
a  structural  resonance  in  that  region.  For  shorter  duration  pulses  (below  20  ms)  axial  loads 
necessary  to  produce  fracture  increased  dramatically.  Viano’s  curves  were  not  unlike  those 
found  for  the  response  of  a  viscoelastic  model.  In  the  second  paper,  Viano  proposed  a  femur 
injury  criterion  of  the  form  reproduced  in  Figure  26.  Again,  the  form  of  the  proposed  criterion 
is  amenable  to  modeling  using  a  constant  strain  approach  for  a  viscoelastic  system.  The 
resonance  behavior  noted  by  Viano  weald  indicate  the  selection  of  a  damping  ratio  in  the  range 
of  0.2  to  0.3.  Bending  and  torsion  behavior  for  the  femur  appears  to  have  some  similarity  to 
the  rate-dependent  characteristics  of  the  axial  load  response. 

Knee  behavior  under  loading  has  been  studied  by  Noyes  while  at  the  Aerospace  Medical 
Research  Laboratory  and  later  with  Grood  at  the  University  of  Cincinnati.  In  the  report  by 
Grood,  et  al105,  knee  flail  design  limits  for  escape  were  assessed  based  upon  experimental  data. 
These  authors  evaluated  strain  rate  sensitivity  and  found  relatively  little  strain  rate  sensitivity  for 
ligament  at  rates  consistent  with  moderate  activity,  but  saw  significant  strain  rate  effects  related 
to  bony  attachments.  The  authors  suggested  design  limits,  including  ranges  for  tibia!  rotation 
(17.5°  internal  and  20°  external).  Since  the  ADAM  manikin  does  not  allow  this  range  of 
motion,  an  angular  tibial  rotation  limit  is  not  feasible  for  the  specification  of  a  knee  injury 
criterion.  However,  given  the  potential  for  instrumenting  the  femur  and/or  tibia  for  axial  loads 
and  moments,  the  analysis  outlined  in  Section  an  be  used  as  the  basis  for  assessing  knee 
injury  potential  using  instrumentation  placed  in  the  surrogate  long  bones.  The  chosen  injury 
criteria  for  bending  may  be  driven  more  by  ki.ee  failure  characteristics  than  by  femur  behavior. 

For  observability  of  forces  relevant  to  the  knee,  load  cell  instrumentation  in  the  long  bones  of 
the  femur  or  tibia  should  be  placed  as  close  as  possible  to  the  knee.  Minimum  instrumentation 
to  provide  some  assessment  of  joint  torque  potential  at  the  knee  and  for  the  femur  would  require 
a  single  load  cell  inserted  for  the  femur  in  the  most  distal  practical  location.  The  optimum 
instrumentation  complement  for  observability  in  the  lower  extremity  would  be  that  as  defined 
in  Section  4.  However,  this  would  employ  five-axis  load  cells,  both  in  a  proximal  and  a  distal 
location  for  the  femur.  Only  one  of  the  load  cells  would  instrument  axial  force  while  the  other 
would  instrument  torsion.  Sufficient  data  appears  to  be  available,  at  least  for  the  femur,  to  find 
approximate  injury  criteria  using  at  least  a  subset  of  these  outputs.  The  minimum  configuration 
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Figure  26.  Femur  Injury  Criterion  from  Viano 


108 


would  involve  a  six-axis  load  cell  placed  distally  in  the  femur  to  assess  both  knee  torques  and 
femur  loads  as  outlined  in  Figure  27.  The  eventual  criterion  might  be  approached  as  shown  in 


Equation  (12).  Again,  for  the  near-term,  the  variable  terms  could  be  treated  separately  with  the 
most  significant  terms  being  the  moment  and  force  terms. 


Form  of 
Leg  Criterion 


($M  MAX 

SM  Limit 


(12) 


Hip  joint  injuries  and  even  lower  extremity  disarticulations  have  been  observed  in  ejections  at 
extreme  speeds.  However,  the  incidence  of  these  injuries  does  not  appear  to  merit  the 
development  of  an  injury  criterion.  Available  hip  joint  data  in  the  literature  center  on  the  effects 
of  axial  femur  loading  into  the  acetabulum. 

Substantially  less  data  exist  for  the  other  long  bones,  but  their  behavior  would  be  expected  to 
be  generally  similar  to  that  of  the  femur.  Quasi-static  bending  and  torsion  strength  for  the 
humerus  appears  to  >V  m  the  range  of  30  to  40%  of  the  values  for  the  femur,  according  to 
McElhaney,  et  a).  Significant  variation  occurs  with  age.  Both  the  lower  arm  and  lower  leg 
involve  two  bones  per  segment  with  the  tibia  characteristics  predominating  for  the  lower 
extremity  and  a  transition  occurring  from  proximal  to  distal  with  regard  to  the  dominant 
structure  in  the  forearm.  The  decreased  incidence  of  distal  as  opposed  to  proximal  extremity 
injuries  would  imply  that  the  principal  candidates  for  instrumentation  in  a  limited  approach 
would  be  the  distal  femur  and  the  distal  humerus.  A  feasible  instrumentation  subset  scheme  is 
illustrated  in  Figure  28. 
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SECTION  6 


OUTLINE  OF  VALIDATION  APPROACH 
Objectives  of  the  Program 

The  preceding  sections  have  outlined  a  comprehensive  conceptual  approach  to  a  regional 
viscoelastic  strain  modeling  approach  for  the  definition  of  injury  criteria  for  the  head,  neck, 
thoracolumbar  spine,  and  extremities.  The  approach  has  been  based  largely  on  a  conceptual 
formulation  after  thoughtful  examination  of  historical  ejection  injury  experience  and  major 
themes  in  the  literature  relating  to  injury  to  the  human  body  through  application  of  mechanical 
force.  Only  brief,  anecdotal  comparisons  of  the  form  of  the  injury  criteria  models  have  thus  far 
been  accomplished.  For  the  most  part,  only  the  conceptual  form  of  the  model  has  been 
proposed. 

In  order  to  apply  the  approach  in  a  comprehensive  fashion  to  the  ADAM  program,  substantial 
additional  instrumentation  requirements  are  apparent.  Furthermore,  the  associated  validation 
program  would  be  not  only  aggressive,  but  impractical  in  the  near  term.  The  basis  for  this 
assessment  is  not  only  the  extensive  instrumentation  requirements  and  the  statistical  experimental 
design  considerations,  but  also  the  lack  of  availability  of  suitable  subsystem  data  over  the  range 
of  relevant  frequencies  necessary  for  final  formulation  of  injury  criteria  model  parameters. 
Despite  these  limitations,  we  believe  that  the  recommended  approach  to  the  definition  of  regional 
injury  criteria  remains  the  most  advantageous  approach  to  achieve  a  consistent  rational  basis  for 
human  injury  criteria  definition. 

It  is  important  to  note  that  the  chosen  injury  criteria  approach  has  critical  implications  in  the 
validation  of  the  overall  mechanical  response  of  the  ADAM  manikin.  The  use  of  the  manikin 
for  testing  against  regional  injury  criteria  was  predicated  on  the  validity  of  the  manikin's  regional 
response.  However,  the  use  of  injury  criteria  which  are  highly  frequency-dependent  implies  that 
the  manikin  must  respond  faithfully  for  mechanical  force  inputs  over  the  relevant  range  of 
frequencies.  Quasi-static  validation  of  manikin  response  is  inadequate.  Realistic  manikin 
frequency  response  characteristics  must  be  assured  as  a  predicate  for  injury  criteria. 

It  is  recommended  that  the  regional  injury  criteria  approach  be  pursued  by  defining  a  practical, 
achievable  next  step  that  both  addresses  ADAM  requirements  and  responds  to  needs  in  the  larger 
biomechanical  community  for  more  comprehensive  and  realistic  injury  criteria.  Such  a  practical 
next  step  is  recommended  along  the  following  lines.  First,  a  manageable  subset  of  injury  types 
should  be  defined  based  upon  Air  Force  requirements,  larger  community  requirements,  and  the 
availability  of  necessary  subsystem  data.  During  this  selection  process,  experimental  data  gaps 
on  a  subsystem  level  should  be  highlighted  for  potential  pursuit  by  experimental  groups  working 
with  biological  materials.  Potential  candidate  injury  types  for  near  term  selection  and  validation 
might  include  a  comprehensive  head  injury  criterion  incorporating  translational  and  angular 
acceleration  stress  and  the  definition  of  injury  criteria  for  bending  stress  applied  to  proximal 
extremity  long  bones.  These  injury  types  would  explore  regions  of  interest  to  the  US  Air  Force 
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and  the  general  community  with  reasonable  databases  in  the  literature  while  imposing  practical 
instrumentation  requirements  for  near  term  employment  with  ADAM. 

Next,  the  selected  injury  criteria  would  be  qualitatively  defined  based  upon  a  detailed  review  of 
the  current  experimental  database  and  a  comprehensive  comparison  with  previous  criteria.  This 
effort  would  extend  the  present  conceptual  development  of  the  form  of  the  requisite  injury 
criteria  into  a  quantitative  numerical  proposal. 

The  third  step  would  be  to  instrument  an  ADAM  manikin  to  provide  data  to  serve  as  inputs  to 
the  selected  criterion  models.  The  instrumented  manikin  would  then  be  employed  in  a  sequence 
of  subthreshold  and  suprathreshold  subsystem  and  system  test  evaluations.  The  philosophy  of 
the  proposed  validation  program  will  first  be  discussed,  followed  by  an  outline  of  a  proposed 
validation  program. 

Philosophy  of  Criteria  Validation 

Validation  of  proposed  models  has  been  approached  in  the  past  with  varying  degrees  of 
sophistication.  Some  validation  efforts  amount  to  simple  curve-fitting  exercises.  These  may 
demonstrate  that  the  overall  output  of  a  model  has  the  appropriate  form  to  allow  the  generation 
of  data  comparable  to  some  parameter,  but  often  does  not  imply  that  the  assumptions, 
coefficients,  and  values  for  internal  model  variables  as  a  function  of  time  are  necessarily 
representative  of  the  process  being  modeled.  This  may  be  the  case  in  some  finite  element 
models  in  which  overall  motions  may  duplicate  test  results,  but  values  for  internal  stresses  and 
strains  within  the  elements  making  up  the  model  may  not  be  representative  of  true  subsystem 
values. 

In  the  case  of  the  lumped  parameter  injury  criteria  models  proposed  in  this  paper,  specific 
internal  model  parameters  are  not  expected  to  be  representative  of  analogous  strain  behavior  in 
the  modeled  system.  Furthermore,  as  discussed  previously,  the  injury  criterion  models  do  not 
represent  tolerance  curves  for  a  particular  injury.  Instead,  the  purpose  of  the  injury  criterion 
model  is  to  distinguish  stress  with  low  probability  for  injury  to  the  modeled  system  from  stresses 
with  high  probability  for  injury.  In  the  ideal  case,  a  criterion  may  allow  estimation  of  likelihood 
of  certain  classes  of  injury  for  a  given  stress  but,  to  be  useful  as  a  criterion,  an  acceptable 
probability  must  be  selected  and  the  criterion  used  in  testing  to  determine  whether  or  not  a  given 
test  output  showed  performance  within  acceptable  levels. 

For  meaningful  validation  to  be  achieved,  a  criterion  should  be  demonstrably  of  the  correct  form 
so  that  stresses  of  different  magnitudes,  pulse  shapes,  and  durations  would  yield  results  that 
faithfully  follow  the  injury  behavior,  but  not  necessarily  the  physical  behavior  of  the  modeled 
system  when  subjected  to  similar  stress  variations.  Secondly,  an  appropriate  criterion  with  the 
correct  form  of  response  should  also  be  defined  at  the  appropriate  level  to  consistently  provide 
relevant  assessments  of  injury  likelihood.  In  other  words,  the  output  of  the  injury  criterion 
model  should  be  of  the  appropriate  form  and  at  the  appropriate  level  to  model  the  injury 
behavior  being  sought. 
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Errors  in  modeling  the  correct  form  of  response  will  generally  lead  to  errors  in  comparing 
stresses  with  different  pulse  shapes  and  durations.  Errors  in  setting  the  appropriate  level  for  the 
criterion  will  result  in  erroneous  assessments  of  injurious  stress  magnitudes  across  the  board. 

The  basic  philosophy  proposed  in  the  validation  program  is  to  conduct  a  combination  of 
subthreshold  and  suprathreshold  tests  at  both  the  subsystem  and  system  level  for  a  relevant  range 
of  pulse  shapes,  durations,  and  magnitudes.  Four  fundamental  requirements  should  underline 
the  definition  of  tests  under  such  a  program.  The  four  requirements,  treated  in  the  following 
paragraphs,  deal  with  the  relevance  and  repeatability  of  the  stress  and  the  relevance  and 
repeatability  of  the  result. 

Tests  conducted  with  the  ADAM  manikin  for  validation  should  ultimately  deal  with  stresses 
having  frequency  characteristics  similar  to  those  encountered  in  the  operationally  injurious 
settings.  Stresses  should  also  be  imposed  over  a  range  of  magnitudes  that  will  allow 
observability  of  the  required  discrimination  being  sought  in  the  injury  criterion.  In  other  words, 
the  criterion  will  not  be  adequately  assessed  if  only  clearly  injurious  and  clearly  non-injurious 
stresses  are  applied.  In  general,  the  most  relevant  stresses  are  typically  encountered  in  system 
testing  as  opposed  to  subsystem  testing.  Unfortunately,  subsystem  testing  allows  the  greatest 
degree  of  repeatability  in  the  imposition  of  stresses.  A  full-scale  ejection  seat  test,  in  general, 
is  characterized  by  extreme  variability  from  test  to  test  in  the  precise  nature  of  the  stresses 
imposed,  particularly  upon  the  extremities. 

A  worthwhile  test  of  a  meaningful  injury  criterion  should  also  provide  reasonable  repeatability 
of  results.  In  other  words,  for  repetitions  of  the  same  imposed  stress  conditions,  the  test  article 
and  the  model  output  using  data  from  that  article  should  have  reasonable  comparability  from  test 
to  test.  This  is  necessary  in  order  to  allow  reasonable  statistical  confidence  in  the  conclusions 
being  sought  through  testing.  Once  again,  subsystem  testing  allows  better  repeatability  of  stress, 
and  therefore,  better  assessments  of  the  repeatability  of  results.  System  testing  provides  the 
most  direct  means  of  attaining  results  relevant  to  the  operational  setting. 

The  proposed  validation  program,  therefore,  must  be  based  upon  a  reasonable  statistical 
experimental  design  incorporating  subsystem  tests,  principally  to  assure  reasonable  repeatability 
for  stresses  and  results  with  the  maximum  practical  assessment  of  the  relevance  of  stress  as  well. 
System  tests,  again  based  upon  thoughtful  statistical  experimental  design,  would  be  used  to 
extend  the  assessment  of  stress  relevance  and  to  achieve  greater  confidence  in  the  relevance  of 
the  results. 

Proposed  Validation  Program 

The  validation  program  proposed  in  the  future  effort  will  be  shaped  considerably  in  its  content 
by  the  choice  of  injury  criteria  to  be  evaluated.  With  the  assumption  that  criteria  chosen  for 
evaluation  may  include  a  generalized  head  injury  criterion  along  with  bending  injury  criteria  for 
proximal  extremity  long  bones,  the  following  is  a  general  outline  of  a  validation  program 
currently  envisioned. 
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Installed  sensors  in  the  ADAM  manikin  will  first  be  evaluated  through  a  series  of  subsystem 
tests  based  upon  experimental  test  designs  which  have  obtained  data  relevant  to  injury  for  a 
meaningful  range  of  stress  frequency  characteristics.  For  example,  an  instrumented  ADAM 
femur  might  be  subjected  to  dynamic  mechanical  stresses  similar  to  those  experimentally 
imposed  upon  cadaver  limbs  to  ensure  that  the  test  results  could  be  used  to  reliably  discriminate 
injurious  from  non-injurious  stresses  at  the  subsystem  level.  Similar  approaches  would  be 
applied  for  subsystem  testing  of  head  impacts  based  upon  experimental  results  with  cadaver 
materials  and  scaled  results  from  animal  testing.  Meaningful  comparability  should  be 
demonstrated  for  the  proposed  criterion  to  the  results  attained  in  prior  experimental  testing  of 
biological  materials,  both  in  terms  of  the  form  of  the  model  output  and  the  level.  Should 
reasonable  comparability  not  be  demonstrated,  adjustments  to  the  model  might  be  required  either 
in  form  or  in  model  parameter  values  in  order  to  achieve  the  desired  results.  In  addition,  the 
ability  of  the  instrumentation  to  produce  acceptable  results  can  also  be  demonstrated  during  this 
period  using  subsystem  calibration  tests  for  both  static  and  time-varying  stresses. 

The  next  step  would  be  to  expose  the  instrumented  ADAM  to  a  sequence  of  system  level  tests 
in  known  subinjury  threshold  circumstances.  Examples  would  be  the  duplication  of  whole  body 
acceleration  events  previously  demonstrated  to  be  well-tolerated  by  human  volunteer  test 
subjects.  These  may  include  +G„  ±G„  and  ±Gy  tests.  Other  tests  for  potential  consideration 
would  include  retraction  tests  previously  tolerated  by  human  volunteers  or  similar  tests  producing 
stresses  relevant  to  the  chosen  criteria,  but  at  recognized  subinjury  levels.  Injury  criterion 
output  from  each  of  these  tests  should  be  consistent  with  a  noninjurious  outcome.  Other  more 
novel  subthreshold  system  tests  might  be  envisioned  through  the  simulation  of  sports  exposures. 
Such  tests  have  been  used  by  previous  investigators  who  performed  computations  or  occasionally 
made  actual  measurements  of  stresses  being  experienced  by  participants  in  certain  kinds  of 
athletic  endeavors.  Studies  have  been  performed,  for  example,  on  cliff  divers  and  boxers.  For 
the  ADAM  subthreshold  system  level  tests,  it  is  proposed  that  a  sequence  of  tests  might  be 
formulated  in  which  the  ADAM  manikin  served  as  a  human  surrogate  in  a  simulated  sports 
event.  Subthreshold  level  head  impacts  might  be  envisioned  using  an  ADAM  manikin  in 
conjunction  with  a  live  sparring  partner.  "Calibrated"  blows  might  be  delivered  to  the  ADAM 
head  in  the  form  of  jabs  from  a  fighter  wearing  boxing  gloves.  Such  an  approach  might  be 
designed  which  would  provide  reasonable  safety  for  the  live  fighter,  since  the  probability  of  a 
return  punch  would  be  relatively  low.  Similar  stresses  might  be  envisioned  for  the  extremities 
in  a  system  level  test  in  which  an  ADAM  manikin  would  be  used  as  a  tackling  dummy  or  similar 
surrogate.  Here,  the  potential  for  knee  ligament  injury  would  be  minimized  by  the  design  of 
the  experiment,  which  would  be  configured  to  avoid  the  effect  of  a  planted  foot  with  a  weight¬ 
bearing  lower  extremity  at  the  time  of  impact  from  the  tackier.  For  comparison  to  parachute 
landing  fall  settings,  drop  tests  could  be  envisioned  with  some  preflexion  at  the  hips  and  knees. 

For  suprathreshold  system  level  tests,  a  variety  of  approaches r  ht  be  contemplated.  The  first 
of  these  would  be  controlled  sled  tests  at  levels  which  would  be  *.  ed  as  suprathreshold  from 
the  standpoint  of  head  injury.  Other  suprathreshold  system  level  tests  might  include  controlled 
pendulum  impacts,  freefall  drop  tests,  and  whole  body  impacts  with  torso,  head  or  extremity  flail 
envelopes  designed  to  cause  impact  with  structures  in  circumstances  expected  to  be  injurious. 


120 


With  regard  to  the  instrumented  athletic  simulations,  the  volunteer  pugilist  could  be  asked  to 
deliver  what  he  considered  to  be  a  bout-winning  punch  to  the  instrumented  ADAM  head.  This, 
however,  might  pose  some  risk  for  the  volunteer’s  upper  extremity. 

Suprathreshold  systems  tests  directed  toward  the  extremities  might  include  controlled  vehicular 
crash  impacts  at  expected  injury-producing  levels,  as  well  as  calibrated  drop  tests.  Attention 
would  be  required  in  the  experimental  design  phases  of  these  tests  to  ensure  adequate 
observability  in  the  range  between  known  subthreshold  and  known  suprathreshold.  If  these 
regions  are  defined  too  far  apart  from  one  another,  an  injury  criterion  might  look  good,  when 
it  in  fact  is  not,  based  purely  upon  lack  of  resolution  in  the  validation  testing.  This  is  expected 
to  be  more  of  a  problem  for  the  system  level  tests  than  for  the  subsystem  level  tests  and  the 
greatest  confidence  in  defining  the  level  for  the  various  criteria  will  probably  be  gained  in  the 
subsystem  level  tests  for  that  reason. 

System  level  tests  more  relevant  to  the  ejection  scenario  should  be  planned  using  three 
modalities.  Ejection  tower  tests  should  define  subthreshold  levels  for  femur  bending  and  for 
head  injury.  Windblast  test  facilities  could  be  used  both  in  a  subthreshold  and  a  suprathreshold 
sense  by  exposure  to  calibrated  windstreams  at  various  velocities  with  optimum  or  intentionally 
flailed  extremity  segments.  Finally,  full-scale  ejection  testing  could  also  be  accomplished  under 
conditions  in  which  reasonable  expectations  for  avoidance  of  injury  could  be  attained  and, 
subsequently,  in  more  severe  conditions  with  intentionally  malpositioned  extremities  where 
relevant  injuries  would  be  expected. 

Clearly,  the  scale  of  the  proposed  validation  program  will  be  heavily  driven  by  the  choice  of 
injury  criteria  to  be  validated  and  the  desired  confidence  to  be  achieved  in  the  validation 
program.  For  example,  an  approach  to  consider  neck  or  upper  arm  injury  might  be  considered 
to  be  of  higher  priority  than  the  femur.  Prior  to  the  formulation  of  a  follow-on  effort,  it  would 
be  desirable  to  arrive  at  some  definition  of  the  criteria  to  be  pursued.  Alternatively,  a  validation 
program  could  be  pursued  in  a  phased  manner  in  which  the  first  phase  would  accomplish  the 
desired  selection  and  program  definition.  Later  efforts  could  be  formulated  to  pursue  a  more 
comprehensive  plan  or  to  include  considerations  of  injury  criteria  more  directly  related  to 
automotive  requirements  or  other  circumstances  having  potential  for  bread  societal  benefit. 
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APPENDIX  B  -  Outline  Summary  of  Analysis  of  USAF  Ejection 
System  Experience  since  1975  (Selected  Aircraft) 

o  620  ejections  from  all  F-4,  F-lll  and  ACES  II  ejection  seat  equipped  aircraft 
(A'lO,  F-15,  F-16,  &  B-1B,  including  one  B-1A  pod  separation)  since  1975. 

o  101  crewmembers  ejected  without  reported  injury  (16.3%) 

o  394  crewmembers  ejected  with  minimal,  minor  or  no  injuries  (63.5%) 

o  126  crewmembers  ejected,  but  were  killed  (20.3%) 

o  100  crewmembers  ejected  and  survived  with  major  injuries  (16.1%) 

o  1873  injuries  reported,  ranging  from  minor  to  fatal 
o  plus  101  "no  injury"  entries  in  data  base. 

o  classified  subjectively  according  to  two  rating  scales,  by  Escape  Phase  and  a 
combined  scale.  An  override  mechanism  was  also  provided.  "Results"  are  the 


reported  number  of  injuries  per  category. 

A.  Minimum  Injury  Severity  Rbults 

0  -  No  injury  101 

1  -  Minor  abrasions/contusion,  etc.  666 

2  -  Minor  lacerations,  digital  fractures,  sprains,  etc.  499 

3  -  Non  incapacitating  fractures,  internal  injuries,  etc.  202 

4  -  Incapacitating  fracture,  internal  injuries,  etc.  212 

5  -  Lethal  or  potentially  lethal  injuries  294 
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B.  Minimum  Operational  Impairment 


Results 


0  -  No  impairment,  no  immediate  care  needed  981 

1  •  Minimal  impairment,  no  immediate  care  needed  249 

2  -  Needs  first  aid  quickly,  capable  after  stabilization  210 

3  -  Severely  impaired  by  injury,  capability  doubtful  without  help  36 

4  -  Nearly  helpless,  requires  help  to  survive  90 

5  -  Helpless,  unconscious  or  dead  408 

C.  Escape  Phase  •  an  attempt  was  made  to  assign  the  injury  to  one  of  eight  phases 
during  the  escape  sequence.  (Although  most  of  the  injuries  included  adequate  phase 
of  occurrence  information,  categorization  on  a  "most  likely”  basis  was  required  for 
some  injuries.) 

Escape  Phase  Rsuus 

1 .  Initiation  -  events  prior  to  ejection  sequence  start  43 

2.  Pathway  Clearance  -  events  prior  to  seat  movement  1 

3.  Ejection  -  seat  movement  up  rails  400 

4.  Emergence  -  insertion  into  environment  outside  cockpit  225 

5.  Man-Seat  Separation  -  initial  separation  and  subsequent  encount67 

6.  Parachute  Deployment  -  canopy  establishment,  opening  shock  171 

7.  Descent  •  Events  from  opening  shock  to  PLF  6 

8.  Ground  Encounter  -  Events  from  PLF  to  stabilization  860 

Uk.  Unknown  category  for  those  injuries  so  marked  110 
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D.  An  Injury  Significance  Rating  (ISR)  was  compiled  by  multiplying  the  Injury 
Severity  by  the  Operational  Impairment.  The  result  was  a  form  of  prioritization 
marker  for  estimating  importance  of  injury  based  on  the  two  parameters. 


:  ;  Results 

0 

981 

2 

227 

3 

22 

4 

56 

6 

153 

8 

2 

9 

14 

10 

i 

12 

35 

1  16 

76 

1  20 

113 

1  25 

294 

£.  In  order  to  mark  certain  injuries  known  to  be  aeromedically  important  that  are  not 
otherwise  medically  or  operationally  significant,  such  as  vertebral  compression 
fractures,  an  override  rating  (ORR)  was  provided  to  mark  certain  injury  categories 
that  would  otherwise  submerge  into  the  other  less  important  injuries. 


\WmE33^i 

Results 

761 

2 

162 

3 

36 

4 

50 

1  6 

275 

8 

2 

9 

29 

10 

1 

12 

36 

14 

1 

15 

138 

I  16 

76 

1  20  -  -  - 

113 

N  25 
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Principal  changes: 


Vertebral  Compression  fractures  -  0,  3  or  6  to  15 

Knee  sprain/strain  -  4  to  9 

Neck  sprain/strain  •  2  to  6 

Back  sprain/strain  •  2  to  6 

Foot  sprain/strain  -  0  to  4 

Shoulder  sprain/strain  -  2  to  3 


F.  The  USAF  Data  provided  an  overall  injury  assessment  for  each  ejected  crewmember 
in  a  5  category  system.  "Results"  arc  the  crewmembers  per  category. 


|  Injury  Category 

f  None 

101 

H  Minimal 

_ .  _  225 

|  Minor 

68 

i  Major 

100 

1  Fatal 

126 

3.  Selection  of  Most  Significant  Injuries  from  Data  Base. 

o  Database  searched  to  exclude  minor  abrasions  and  contusions  and  other  non¬ 
significant  injuries  by  requesting  a  tabulation  of  Anatomical  Part  and  Injury  Type 
where  the  override  rating  was  greater  than  2.  This  resulted  in  the  exclusion  of  923 
entries  from  the  original  1974. 


o  The  resulting  tabulation  was  reviewed  to  combine  injuries  where  different 
terminology  was  used  to  describe  the  same  anatomical  part,  (i.e.  "C  -  2,  3,  4"  and 
"neck"  were  considered  the  same). 


o  The  serious  injuries  reported  from  the  620  USAF  Ejections  are  arranged  in  rough 
anatomical  order  with  the  number  of  occurrences  of  each  type. 
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A.  Serious  Injuries  (620  Ejections) 

Head  -  Skull  fracture  •  58  (includes  13  basilar  skull  fractures) 

Brain  -  29  serious  injuries  (includes  9  concussion/amnesia) 

Neck  -  10  cervical  compression  fractures 

•  28  cervical  fractures 

-  65  cervical  sprain/strains 
Thoracic  Spine  -  105  compression  fractures 

-  22  fracture 

-  9  sprain/strains 
Shoulder  -  16  fracture/dislocations 

-  1 1  sprain/strains 
Upper  Arm  -  27  fractures 

Elbow  -  1  dislocation 

Lower  Arm  -  27  fractures  Back  -  56  sprain/strains 

-  2  sprain/strains 
Wrist  -  3  fractures 

Ribs  -  44  fractures 

Lumbar  Spine  -  30  compression  fractures 

-  11  fractures 

•  8  sprain/strains 
Pelvis/Sacroiliac  -  15  fractures 

Upper  Leg  -  19  fractures 

-  1  sprain/ strain 
Lower  Lee  -  31  fractures 

Knee  -  15  sprain/strains 
Ankle  -  7  fractures 

-  10  sprain/strains 
Other  -  10  body  hypothermia 

•  36  eye  contusions 

-  39  facial  lacerations 

•  36  extremity  amputations 

-  18  inguinal  contusions 

•  7  concussions 

-  15  heart  lacerations 

o  Of  the  126  ejected  crewmember  fatalities,  most  were  killed  by  ground  impact  at  high  speed 
and  had  multiple  severe  injuries.  The  above  search  procedures  were  performed  with  the 
additional  exclusion  of  the  fatalities  and  the  resulting  tabulation  was  as  follows: 


Shoulder  ■ 

Upper  Arm  - 
Elbow  - 
Lower  Arm  - 

Wrist  - 
Ribs  - 
Lumbar  Spine  • 


Upper  Lee  - 

Lower  Lee  - 
Knee  - 
Ankle  - 

Other  - 
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B. 


tfMiiwip*  iMiij  i  **tvj  i  % ;  c*i»j  *  i ;  1 4  w«iagjpi 


Head  - 
Brain  - 
Neck  - 


Thoracic  Spine  • 


Shoulder  - 

HBBCLAnn  - 
Lo.wcr.Arm  * 

Wiisi  * 
Ribs  - 
Lumbar  Spine  - 


Pelvis/Sacroiliac  - 

Upper  Leg  - 
Lower  Leg  - 

Knee  - 
Ankle  - 

Other  - 


1  skull  fracture  (includes  1  basilar  skull  fractures) 
12  serious  injuries  (includes  9  concussion/amnesia) 

6  cervical  compression  fractures 

2  cervical  fractures 

65  cervical  sprain/strains 
98  compression  fractures 

3  fractures 

9  sprain/strains 

9  fracture/dislocations 

10  sprain/strains 

9  fractures 

7  fractures  Back  -  56  sprain/strains 

1  sprain/strain 

1  fracture 

4  fractures 

27  compression  fractures 

1  fracture 

8  sprain/strains 

2  fractures 

4  fractures 

1  sprain/strain 

5  fractures 

15  sprain/strains 
4  fractures 

10  sprain/strains 

8  body  hypothermia 

33  eye  contusions/hemorrhage 

34  facial  lacerations 

no  extremity  amputations 
17  inguinal  contusions/abrasions 
7  concussions 
no  heart  lacerations 
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4.  Serious  Iqjury  Occurrence  During  Various  Phases  of  Escape 

The  following  is  a  tabulation  of  the  more  serious  injuries  that  occurred  during  each  of  the  8 
phases  of  escape,  and  an  unknown  category,  produced  using  the  above  selection  criterion.  It 
becomes  quicldy  apparent  that  some  of  the  escape  phases  have  greater  serious  injury  causation 
potential  man  others.  An  additional  tabulation  was  done  excluding  me  injuries  caused  by  me 
fatalities  and  has  been  included  after  me  original  tabulation. 


Table  E4  -  SERIOUS  INJURY  TABULATION  EXCLUDING  126  FATALITIES 


1.  Initiation  Pham 

3.  Ejection  - 

CONTD 

Anatomical 

Number  of 

Injury 

Anatomical 

Number  of 

Ul«ry 

Fart 

UlmryTm 

Injuries 

Category 

Rating 

Part 

Uiwy  Typ* 

Injuries 

Category 

Retfcg 

Body 

Multiple  Inj 

1 

Fetal 

25 

Jaw 

Fracture 

1 

Paul 

6 

Body  Multiple 

Bum  1st  Degree 

1 

Fatal 

4 

Jaw 

Sprain/Strain 

1 

Major 

3 

Clavicle 

Fracture 

1 

Paul 

3 

Knee 

Sprain/Strain 

k 

Minor 

9 

Face 

Bum  2nd  Degree 

2 

Paul 

4 

L~01 

Dislocation 

1 

Paul 

20 

Face 

Bum  2nd  Degree 

1 

Major 

4 

L-01 

Fracture 

2 

Paul 

15 

Face 

Bum  2nd  Degree 

1 

Minor 

4 

L-01 

Fracture 

11 

Major 

15 

Foot 

Sprain/Strain 

l 

Minor 

4 

L-Oi 

Sprain/Strain 

1 

Minor 

6 

Hand 

Bum  3rd  Degree 

1 

Fatal 

4 

L-01 

Sprain/Strain 

2 

Minimal 

6 

Liver 

Laceration 

1 

Fatal 

25 

L-02 

Free  lure 

2 

Major 

15 

Neck 

Bum  2nd  Degree 

1 

Fatal 

4 

L-02 

Fracture 

1 

Minimal 

15 

Neck 

Bum  2nd  Degree 

1 

Major 

4 

L-02 

Sprain/Strain 

1 

Minimal 

6 

Neck 

Bum  2nd  Degree 

1 

Minor 

4 

L-02,4 

Fracture 

1 

Mtjor 

15 

Neck 

Bum  3rd  Degree 

1 

Fatal 

6 

L-04 

Sprain/Strain 

1 

Minimal 

6 

Riba 

Fracture 

1 

Paul 

6 

L-05 

Sprain/Strain 

1 

Minimal 

6 

Skull 

Fracture 

I 

Paul 

20 

Leg  Lower 

Fracture 

1 

Faul 

16 

Skull  Basal 

Fracture 

1 

Paul 

20 

Lag  Lower 

Fracture 

1 

Major 

16 

Sternum 

Fracture 

1 

Fatal 

6 

Lag  Lower 

Sprain/Strain 

1 

Minimal 

4 

Tibia  Fibula 

Fracture 

1 

Falsi 

16 

Neck 

Fracture 

1 

Major 

15 

Neck 

Sprain/Strain 

4 

M^jor 

6 

i.  Path  Clearance  -  No  mHm  ini  arias  won  reportad 

Neck 

Sprain/Strain 

1 

Minor 

6 

Neck 

Sprain/Strain 

31 

Minimal 

6 

3.  Ejection 

Ribs 

Fracture 

1 

Fatal 

6 

Ribs 

Fracture 

1 

Major 

6 

Aaalsakal 

Nnber  of 

Injury 

Sacroiliac 

Sprain/Strain 

1 

Minimal 

6 

Part 

btfiuy  T>fi 

Injuries 

Category 

Rating 

Scapula 

Dislocation 

1 

Major 

6 

Shoulder 

Fracture/Disloc 

1 

Major 

6 

Ann  Lower 

Fracture 

2 

Fstal 

6 

Shoulder 

Sprain/Strain 

3 

Minimal 

3 

Arm  Lower 

Fracture 

1 

Major 

6 

Skull 

Fracture 

1 

Paul 

20 

Arm  Lower 

Sprain/Strain 

1 

Major 

3 

Spinal  Cord 

Contusion 

1 

Paul 

20 

Arm  Upper 

Fracture 

3 

Fetal 

6 

Sternum 

Fracture 

1 

Major 

6 

Back 

Sprain/Strain 

S 

Minor 

6 

TOI 

Fracture 

1 

Major 

15 

Back 

Sprain/Strain 

13 

Minimal 

6 

T-02 

Stretching 

1 

Major 

14 

Brain 

Unknown 

1 

Minor 

12 

T-03 

Fracture 

1 

Msjor 

15 

C-OI 

Fracture 

1 

Minor 

15 

T-03,4,5,6 

Sprain/Strain 

l 

Minimal 

6 

C-01 

Sprain/Strain 

1 

Msjor 

6 

T-04 

Fracture 

2 

Major 

15 

C-01 

Sprain/Strain 

4 

Minor 

6 

T-04,5 

Fracture 

1 

Major 

15 

C-01 

Sprain/Strain 

4 

Minimal 

6 

1-05 

Fracture 

2 

Paul 

15 

C-02 

Sprain/Strain 

1 

Minor 

6 

T-05 

Fracture 

4 

Major 

15 

C-03 

Fracture 

1 

Major 

15 

T-05  Cord  Ini 

Fractura/Contus 

1 

Major 

25 

C-04,5,6 

Fracture 

1 

Major 

15 

T-06 

Fracture 

2 

Paul 

15 

C-05 

Fracture 

1 

Major 

15 

T-06 

Fracture 

3 

Msjor 

15 

C-06 

Fracture 

1 

Fatal 

15 

T-06 

Sprain/Strain 

2 

Minimal 

6 

Bya 

Unknown 

1 

Major 

4 

T-07 

Fracture 

5 

Major 

15 

Famur 

Fracture 

1 

Paul 

16 

T-07 

Sprain/Strain 

1 

Minimal 

6 

Finger 

Avulsion 

2 

Minimal 

6 

T-07, 9,10 

Fracture 

1 

Major 

15 

Finger 

Fracture 

1 

Major 

3 

T-OS 

Dislocation 

1 

Faul 

20 

Foot 

Contusion 

1 

Major 

4 

T-0S 

Fracture 

7 

Major 

15 

Foot 

Contusion 

5 

Minim?' 

4 

T-09 

Fracture 

1 

Paul 

15 

Head 

Concussion 

1 

Minor 

20 

T-09 

Fracture 

4 

Major 

15 

Heed 

Fracture 

1 

Paul 

20 

T-10 

Fracture 

1 

Paul 

15 

Head 

Unknown 

2 

Paul 

4 

T-10 

Fracture 

5 

Major 

15 

Haad 

Unknown 

1 

Major 

4 

T-l  1 

Fracture 

10 

Major 

15 

Humerus 

Fracture 

1 

Fata! 

6 

T-11,12 

Fracture 

1 

Major 

15 

Humerus 

Fracture 

1 

Major 

6 

T-12 

Fracture 

1 

Paul 

15 
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3.  Ejection  -  cont’d 

4.  EMERGENCE 

-  conTd 

Auetouiiril 

Number  of 

Injury 

Anatomical 

Number  of 

Injury 

Pert 

Type 

Injuries 

Category 

Rating 

Fart 

Injury  Type 

iRjurim 

Category 

Rede 

T-n 

Fracture 

7 

Major 

15 

Skull  Baaal 

Fracture 

1 

Fatal 

20 

T-12 

Fracture 

1 

Minimal 

15 

Spinal  Cord 

Contusion 

1 

Fatal 

20 

Thorax 

Sprain/S  uain 

1 

Minimal 

6 

T-07 

Fracture 

1 

Fatal 

20 

Tibia  Fibula 

Fracture 

1 

Fatal 

16 

T-07 

Fracture 

1 

Muor 

15 

Ulna 

Fracture 

l 

Major 

6 

Til 

Fracture 

1 

Major 

15 

Thigh 

Amputation 

1 

Fatal 

25 

4.  Emergence 

Thigh 

Fracture 

2 

Fatal 

16 

Thorax 

Sprain/Suain 

1 

Minor 

6 

AaaUafcil 

Number  of 

Injury 

Tibia  Fibula 

Fracture 

1 

Fatal 

16 

Pn n 

Injury  Type 

Injuries 

Category 

Rating 

Tibia  Fibula 

Fracture 

1 

Major 

16 

Ulna 

Dialocetion 

l 

Major 

4 

Abdomen 

Evisceration 

1 

Fatal 

25 

Ulna 

Fracture 

2 

Fatal 

6 

Abdomen 

Laceration 

1 

Fatal 

9 

Ulna 

Fracture 

3 

Major 

6 

Arm  Upper 

Amputation 

2 

Paul 

25 

Ulna 

Fracture  Disloc 

1 

Major 

6 

Arm  Upper 

Fracture 

1 

Fatal 

6 

Unknown 

Fracture 

1 

Fatal 

4 

Arm  Upper 

Fracture 

1 

Major 

6 

Wrist 

Fracture 

1 

Major 

6 

Arm  Upper 

Sprain/Strain 

1 

Minimal 

3 

Back 

Sprain/Strain 

2 

Minimal 

6 

5.  Man-Seat  Separation 

Body  (Paul) 

Multiple  liy 

1 

Fatal 

25 

Brachial 

Fracture 

1 

Fatal 

6 

Anatomical 

Number  of 

Injury 

Brain 

Contusion 

1 

Fatal 

20 

Part 

l^jwy  Type 

l^jurim 

Category 

Ruth 

Brain 

Tear 

1 

Major 

25 

Brain 

Toxic  Reaction 

1 

Major 

25 

Brain 

Contusion 

1 

Fatal 

20 

C- 01 

Hbrtorrhage 

1 

Fatal 

20 

Brain 

Contusion 

1 

Major 

20 

C-02 

Fracture 

1 

Fatal 

25 

C-01 

Laceration 

1 

Fatal 

25 

C-04 

Dislocation 

1 

Fatal 

25 

C-03 

Transection 

1 

Fatal 

25 

C-04 

Fracture /Disloc 

1 

Fatal 

25 

C-06 

Transection 

1 

Fatal 

25 

c-os 

Fracture 

1 

Fatal 

25 

C-06,7 

Fracture 

1 

Major 

25 

C-06 

Fracture/Disloc 

1 

Fatal 

25 

C-07 

Fracture 

1 

Fatal 

25 

Clavicle 

Fracture 

1 

Fatal 

3 

Eye 

Laceration 

l 

Fatal 

9 

Clavicle 

Fracture /Multi 

1 

Paul 

6 

Fibula 

Fracture 

1 

Fatal 

3 

Elbow 

Dislocation 

1 

Paul 

6 

Great  Vessels 

Laceration 

1 

Fatal 

25 

Femur 

Fracture 

2 

Fatal 

16 

Head 

Concusaion 

1 

Major 

20 

Femur 

Fracture 

1 

Major 

16 

Head 

Fracture 

1 

Fatal 

20 

Great  Veaael* 

Tranaection 

1 

Paul 

25 

Humerus 

Fracture 

1 

Major 

6 

Head 

Concussion 

2 

Major 

20 

Ribs 

Fracture 

1 

Major 

6 

Head 

Decapitation 

1 

Paul 

25 

Sacroiliac 

Fracture 

l 

Fatal 

16 

Head 

Fracture 

3 

Paul 

20 

Shoulder 

Avulsion  (7) 

1 

Major 

16 

Hean 

Laceration 

1 

Fatal 

25 

Skull 

Fracture 

1 

Fatal 

20 

Hume  rue 

Fracture 

4 

Fatal 

6 

Skull  Basal 

Fracture 

1 

Fata; 

20 

Hume  rue 

Fracture 

4 

Major 

6 

Skull  Basal 

Fracture 

l 

Major 

20 

Jaw 

Fracture 

1 

Minor 

6 

T-01 

Fracture 

1 

Major 

25 

Jaw 

Fracture 

1 

Minimal 

6 

Thorax 

Multiple  Inj 

1 

Fatal 

25 

Knee 

Disloc  alien 

1 

Fatal 

9 

Tibia  Fibula 

Fracture 

1 

Major 

16 

Knee 

Dislocation 

1 

Major 

9 

Knee 

Sprain/Strain 

3 

Major 

9 

6.  Parachute  Deployment 

Knee 

Sprain/Strain 

1 

Minor 

9 

L-Ol 

Fracture 

1 

Major 

15 

Anatomical 

Number  of 

'  Injury 

un 

Fracture 

1 

Major 

15 

Part 

Injury  Type 

Injuries 

Category 

Red 

L-04 

Fracture 

1 

Fatal 

20 

Leg  Lower 

Amputation 

1 

Fatal 

25 

Arm  Lower 

Fracture 

1 

Major 

6 

Leg  Lower 

Fracture 

1 

Fatal 

16 

Back 

Sprain/Strain 

l 

Minor 

6 

Leg  Upper 

Fracture 

2 

Fatal 

16 

Back 

Sprain/Strain 

2 

Minimal 

6 

Leg  Upper 

Fracture 

1 

Major 

16 

Brain 

Hemorrhage 

1 

Fatal 

25 

Leg  Upper 

Sprain/Strain 

1 

Minimal 

6 

C-02 

Tranaection 

1 

Fatal 

25 

Lung 

Contusion 

1 

Fatal 

6 

C-03 

Fracture 

1 

Fatal 

25 

Neck 

Avulsion  (7) 

1 

Fatal 

25 

C-04 

Fracture 

1 

Fatal 

25 

Neck 

Fracture 

1 

Fatal 

25 

C-06 

Fracture 

1 

Fatal 

25 

Neck 

Sprain/Strain 

l 

Major 

6 

Femur 

Fracture 

l 

Fatal 

16 

Neck 

Sprain/Strain 

2 

Minimal 

6 

Head 

Fracture 

1 

Fatal 

20 

Pubis 

Dislocation 

1 

Fatal 

16 

Hip 

Sprain/Strain 

1 

Minor 

6 

Radius  Ulna 

Fracture 

1 

Fatal 

6 

Leg  Lower 

AjnpuUtion 

1 

Fatal 

25 

Ribs 

Fracture 

2 

Fatal 

6 

Neck 

Asphyxia 

1 

Fatal 

25 

Shoulder 

Dislocation 

6 

Major 

6 

Neck 

Sprain/Strain 

1 

Major 

6 

Shoulder 

Fracture 

1 

Fatal 

9 

Neck 

Sprain/Strain 

2 

Minor 

6 

Shoulder 

Fracture 

2 

Major 

9 

Neck 

Sprain/Strain 

1 

Minimal 

6 

Shoulder 

Sprain/Strain 

3 

Minimal 

3 

Ribs 

Fncture 

1 

Paul 

6 

Skull 

Fracture 

1 

Fatal 

20 

Ribs 

Fracture/Multi 

1 

Fatal 

6 
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(.  PaBACHVTK  DenOVMtNT  •  CONT'D 

8.  Ground  Encountxr  -  cowt’d 

‘inMwmk* 

i 

LTikir  of 

Injury 

Anatomical 

Nsharaf 

Uftuy 

Tut 

Injuries 

Category 

Roting 

Part 

Typ* 

Injariaa 

CRftiiy 

Scapula 

Sprain/Strain 

1 

Minimal 

3 

Brain 

Exsanguinabon 

1 

Fatal 

Shoulder 

Sprain/Strain 

1 

M^joc 

3 

Brain 

Hematoma 

1 

Faul 

Shoulder 

Sprain/Strain 

1 

Minimal 

3 

Brain 

Laceration 

1 

Faul 

Spinal  Cord 

Cootueaon 

1 

M^for 

20 

Brain 

Transaction 

1 

Fatal 

Spinal  Cord 

Tra  near  lion 

1 

Fatal 

25 

C-01 

Bum  3rd  Degree 

1 

Faul 

T0\ 

Laceration 

1 

Fatal 

20 

C-01 

Dislocation 

1 

Fatal 

T-12 

Fracture 

1 

Major 

15 

C-01 

Fracture 

4 

Faul 

Thxu 

Sprain/Strain 

1 

Minor 

6 

C-01 

Sprain/Strain 

2 

Minimal 

C-01 

Transect ion 

4 

Fatal 

7.  DgftCRNT 

C-02 

Fracture 

2 

Faul 

C-02 

Fracture 

1 

Major 

Autoaitll 

N— her  of 

Injury 

C-02 

Transection 

Fatal 

Put 

N«y  Ty ft 

Injuries 

Category 

Rating 

C-05 

Dislocation 

1 

Faul 

C-05 

Fracture 

2 

Faul 

Face 

Bum  2nd  Degree 

1 

Major 

4 

C-06 

Dislocation 

1 

Fatal 

Hand 

Bum  2nd  Degree 

1 

Major 

4 

C-06 

Fracture 

1 

Faul 

Neck 

Bum  2nd  Degree 

1 

Major 

4 

C-06 

Fracture 

2 

Faul 

T-03 

Fracture 

1 

Major 

15 

C-07 

Fracture 

1 

Faul 

C-07 

Fracture/Avulsn 

1 

Faul 

8.  Ground  Etocounttr 

C-07 

Sprain/Strain 

1 

Minimal 

Clavicle 

Fracture 

6 

Faul 

Aiatoakal 

Nmnber  of 

Injury 

Face 

A^>hyxis 

1 

Major 

Pert 

Wvy  Type 

Injuries 

Category 

Rating 

Face 

Fracture 

1 

Paul 

Face 

Fracture 

4 

Faul 

Abdomen 

Hcnontug/Sbock 

1 

Faul 

25 

Femur 

AmpuUtion 

1 

Faul 

Abdomen 

Multiple  Inj 

4 

Faul 

25 

Femur 

Fracture 

2 

Faul 

Abdomen 

Rupture 

1 

Faul 

25 

Femur 

Fracture 

2 

Fatal 

Ankle 

Fracture 

3 

Faul 

12 

Femur 

Fracture 

1 

Major 

Ankle 

Fracture 

4 

Major 

12 

Fibula 

Fracture 

3 

Fatal 

Ankle 

Sprain/Strain 

1 

Major 

4 

Fibula 

Fracture 

2 

Major 

Ankle 

Sprain/Strain 

3 

Minor 

4 

Finger 

Avulsion 

1 

Minor 

Ankle 

Sprain/Strain 

6 

Minimal 

4 

Finger 

Fracture 

2 

Fatal 

Ann  Lower 

Ampuletioo 

5 

Faul 

25 

Finger 

Fracture 

1 

Minor 

Arm  Lower 

Bum  3rd  Degree 

1 

Faul 

4 

Foot 

Amputation 

1 

Faul 

Arm  Lower 

Fracture 

2 

Faul 

6 

Foot 

Fracture 

3 

Paul 

Arm  Upper 

Amputation 

10 

Faul 

25 

Foot 

Sprain/Strain 

1 

Minor 

Arm  Upper 

Fracture 

3 

Faul 

6 

Great  Veaaeli 

Laceration 

2 

Paul 

Arm  Upper 

Sprain/Strain 

1 

Minimal 

3 

Great  Veaaets 

Transection 

4 

Paul 

Beck 

Sprain/Strain 

6 

Minor 

6 

Hand 

Bum  3rd  Degree 

1 

Faul 

Beck 

Sprain/Strain 

5 

Minimal 

6 

Hand 

Fracture 

4 

Faul 

Body 

Bum  4th  Degree 

4 

Faul 

25 

Head 

Avulsion 

2 

Faul 

Body 

Dehydration 

1 

Minor 

12 

Head 

Concussion 

2 

Major 

Body 

Frostbite 

1 

Faul 

6 

Head 

Concussion 

1 

Minor 

Body 

Heautroke 

1 

Major 

20 

Head 

Decapitation 

19 

Faul 

Body 

Hemorrhag/Sbock 

1 

Faul 

25 

Head 

Evisceration 

1 

Faul 

Body 

Hemorrhag  /  Shoe  k 

1 

Major 

25 

Head 

Fracture 

15 

Fatal 

Body 

Hypothermia 

2 

Faul 

9 

Head 

Multiple  by 

2 

Paul 

Body 

Hypothermia 

4 

Major 

9 

Heart 

Laceration 

11 

Paul 

Body 

Hypothermia 

3 

Minor 

9 

Heart 

Rupture 

2 

Faul 

Body 

Hypothermia 

1 

Minimal 

9 

Heart 

Transection 

1 

Faul 

Body 

Multiple  try 

1 

Faul 

25 

Humerus 

Amputation 

2 

FaUl 

Body 

Starvation 

1 

Minor 

12 

Humerus 

Fracture 

5 

Fatal 

Body  (F atal) 

Diervption 

3 

Faul 

25 

Humerus 

Fracture 

1 

Major 

Body 

Fragmentation 

1 

Faul 

25 

Jaw 

Fracture 

3 

Faul 

Body 

Multiple  Inj 

67 

Faul 

25 

Kidney 

Contusion 

2 

Major 

Body  50ft 

Bum  4th  Degree 

2 

Faul 

25 

Kidney 

Hemorrhage 

1 

Faul 

Body  80ft 

Bum  4th  Degree 

2 

Faul 

25 

Knee 

Dislocation 

1 

Faul 

Body  90ft 

Bum  4th  Degree 

1 

Faul 

25 

Knee 

Hemarthroais 

1 

Major 

Body  Multiple 

Bum  let  Degree 

1 

Faul 

4 

Knee 

Sprain/Strain 

4 

Major 

Body  Multiple 

Fracture 

5 

Faul 

16 

Knee 

Spnin/Strain 

2 

Minor 

Body  Multiple 

Hemorrhage 

1 

Faul 

25 

Knee 

Sprain/Strain 

4 

Minimal 

Body  Multiple 

Laceration 

2 

Faul 

16 

Knee 

Tear 

2 

Major 

Brain 

Amneaii 

1 

Minor 

10 

L-01 

Fracture 

1 

Faul 

Brain 

A^hyxia 

1 

Faul 

25 

L-01 

Fracture 

7 

Major 

Brain 

Asphyxia  Toxic 

1 

Faul 

25 

1-01 

Fracture  Disloc 

1 

Faul 

Brain 

Avuleion 

4 

Faul 

25 

L-01 

Transection 

1 

Faul 

Brain 

Contueion 

2 

Faul 

20 

L-01 

Unknown 

« 

Major 

Brain 

Crush  Injury 

1 

Faul 

25 

L-01, 5 

Fracture 

i 

Faul 
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8.  Ground  Encounter  -  cowt'd 


Aait«kal 

Itabvof 

14*1? 

Par t 

Ul«ry  Type 

Category 

Rating 

L-02 

Fracture 

1 

Fatal 

20 

L-02 

Fracture 

l 

Fatal 

15 

L-Ol 

Fracture 

1 

M^jor 

15 

L-02 

Sprain/Strain 

1 

Minimal 

6 

L-03 

Fracture 

2 

Fatal 

20 

L-03 

Fracture 

2 

Major 

20 

L-03 

Transection 

2 

Fatal 

25 

L-05 

Fracture 

1 

Fatal 

20 

L-05 

Sprain/Strain 

1 

Minimal 

6 

Leg  Lower 

Amputation 

6 

Fatal 

25 

Leg  Lower 

Fracture 

5 

Fatal 

16 

Leg  Lower 

Fracture 

1 

M^jor 

16 

Leg  Lower 

Multiple  Iqj 

1 

Fatal 

16 

Leg  Upper 

Leg  Upper 

Amputation 

Dislocation 

6 

1 

Fatal 

Fatal 

25 

16 

Leg  Upper 

Fracture 

5 

Fatal 

16 

Leg  Upper 

Fracture 

1 

Major 

16 

Leg  Upper 

Multiple  Iqj 

1 

Fatal 

16 

Liver 

Laceration 

3 

Fatal 

25 

Lung 

Contusion 

1 

Minor 

6 

Lung 

Laceration 

4 

Fatal 

25 

Lung 

Pneumothorax 

1 

Major 

16 

Luogs 

Asphyxia  Toxic 

1 

Fatal 

25 

Lunge 

Lunge 

Drowning 
Multiple  Ini 

10 

1 

Fatal 

Fatal 

25 

25 

Lunge 

Rupture 

1 

Faul 

25 

Neck 

Fracture 

6 

Fatal 

25 

Neck 

Laceration 

1 

Faul 

25 

Neck 

Sprain/Strain 

1 

Minor 

6 

Neck 

Sprain/Strain 

6 

Minimal 

6 

Pelvie 

Fracture 

11 

Faul 

16 

Pelvis 

Fracture 

1 

Major 

16 

Pubis 

Dislocation 

1 

Faul 

!6 

Pubis 

Fracture 

5 

Faul 

16 

Radius 

Fracture 

5 

Faul 

6 

Radius  Ulna 

Fracture 

6 

Faul 

6 

Ribe 

Dislocation 

1 

Major 

6 

Ribe 

Dislocation 

1 

Major 

4 

Ribe 

Fracture 

34 

Faul 

6 

Ribe 

Fracture 

l 

Minor 

6 

Secroiliec 

Fracture 

1 

Faul 

16 

Sacroiliac 

Fracture 

1 

Major 

16 

Sec  rum 

Fracture 

1 

Major 

16 

Sacrum 

Sprain/Strein 

1 

Minimal 

6 

Scapula 

Fracture 

1 

Faul 

9 

Shoulder 

Dislocation 

1 

Faul 

6 

Shoulder 

Fracture 

3 

Faul 

9 

Shoulder 

Sprain/SUain 

1 

Minor 

3 

Shoulder 

Sprain/Strain 

1 

Minimal 

3 

Skull 

Fracture 

19 

Faul 

20 

Skull  Basal 

Dislocation 

1 

Faul 

25 

Skull  Basal 

Fracture 

8 

Faul 

20 

Spinal  Cord 

Transection 

1 

Faul 

25 

Spine 

Fracture 

2 

Faul 

25 

Spleen 

Laceration 

1 

Faul 

25 

Sternum 

Fracture 

2 

Faul 

6 

T-01 

Fracture 

1 

Faul 

25 

T-01 

Fracture 

1 

Major 

25 

T-02 

Dislocation 

2 

Faul 

20 

T-02 

Fracture 

1 

Major 

25 

T-02 

Fracture 

1 

Major 

15 

T-02 

Transection 

1 

Faul 

25 

T-02, 3, 11  A  12 

Fracture 

1 

Faul 

25 

T-03 

Dislocation 

2 

Faul 

20 

T-03 

Fracture 

1 

Major 

25 

1-03 

Fracture 

3 

Major 

15 

T-03 

Fracture  Disloc 

1 

Faul 

25 

T-03 

Hematoma 

1 

Major 

16 

9.  Ground  emcountkr  •  cowr*D 


Auteakal  Mate  of  Ujmry 

Port  Ujvy  Type  lojoriat  Category  Ratfag 


T-03 

Transection 

1 

Faul 

25 

T-04 

Avulsion 

1 

Paul 

25 

T-04 

Fracture 

1 

M^or 

25 

T-04 

Fracture 

4 

Mijor 

15 

T-04 

Fracture  Disloc 

1 

Fatal 

25 

T-04 

Hematoma 

1 

Major 

16 

T-04 

Transection 

1 

Faul 

25 

T-04  Cord  1m 

Fracture/Coftfua 

1 

Faul 

25 

T-04  Cord  by 

Fracture/Contus 

1 

Major 

25 

T-05 

Fracture 

1 

Faul 

20 

T-05 

Fracture 

1 

Faul 

15 

T-05 

Fracture 

6 

Major 

15 

T-06 

Fracture 

1 

Faul 

15 

T-06 

Fracture 

7 

Major 

15 

T-06  Cord  Inj 

Fracture/Contus 

1 

Faul 

25 

T-07 

Fracture 

1 

Major 

20 

T-07 

Fracture 

3 

Major 

15 

T-08 

Fracture 

2 

Major 

15 

T-08 

Sprain/Strain 

1 

Minimal 

6 

T-08 

Transection 

1 

Faul 

25 

T-08 ,9 

Fracture 

1 

Faul 

16 

T-09 

Fracture 

1 

Faul 

20 

T-09 

Fracture 

4 

Major 

15 

T-09 

Fracture  Disloc 

1 

Faul 

20 

T-10 

Dislocation 

1 

Faul 

20 

T-10 

Fracture 

1 

Faul 

20 

T-10 

Fracture 

1 

Major 

15 

T- 1 1 

Dislocation 

1 

Faul 

20 

T-12 

Fracture 

l 

Faul 

15 

T-12 

Fracture 

3 

Major 

15 

T-12 

Fracture  Disloc 

1 

Faul 

20 

T-12 

Transection 

1 

Faul 

25 

Thorax 

Asphyxia 

1 

Faul 

25 

Thorax 

Crush  Injury 

1 

Faul 

25 

Thorax 

Evisceration 

1 

Faul 

25 

Thorax 

Fracture 

4 

Faul 

20 

Thorax 

Multiple  Inj 

3 

Faul 

25 

Thorax 

Rupture 

1 

Faul 

25 

Thorax 

Sprain/Strain 

1 

Minimal 

6 

Thorax 

Transection 

l 

Faul 

25 

Thumb 

Amputation 

1 

Faul 

8 

Tibia 

Fracture 

4 

Faul 

16 

Tibia 

Fracture 

1 

Major 

16 

Tibia  Fibula 

Fracture 

12 

Faul 

16 

Ulna 

Fracture 

1 

Faul 

6 

Wrist 

Fracture 

1 

Faul 

6 

Wrist 

Fracture 

1 

Major 

6 

9.  Unknown 

Anatomical 

Number  of 

Injury 

Part 

iRjwy  Type 

Injuries 

Category 

Rating 

Abdomen 

Hematoma 

1 

Faul 

6 

Arm  Lower 

Fracture 

1 

Faul 

6 

Arm  Upper 

Fracture 

1 

Faul 

6 

Arm  Upper 

Fracture 

1 

Major 

6 

Beck 

Body 

Sprain/Strain 

Hemorrtug/Shock 

2 

1 

Minor 

Major 

6 

25 

Body  (Faul) 

Unknown 

1 

Faul 

25 

Body  Multiple 

Unknown 

3 

Faul 

25 

Brain 

Amnesia 

1 

Minor 

10 

C-01 

Dislocation 

1 

Faul 

25 

Hand 

Amputation 

1 

Faul 

16 

Head 

Fracture 

1 

Faul 

20 

L-02 

Fracture 

1 

Major 

15 

Leg  Lower 

Fracture 

1 

Faul 

16 

Liver 

Laceration 

1 

Faul 

25 
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f.  Unknown  -  cokt^d 


AMtMkal 

b^wy  Type 

Naberof 

Ujary 

Category 

Rating 

Neck 

Bum  2nd  Degree 

1 

Minimsl 

4 

Neck 

Sprein/Suein 

1 

Minor 

6 

Neck 

Sprain/Strain 

1 

Minimel 

6 

Never  Recovered 

Unknown 

5 

Fstel 

25 

Ribs 

Fracture 

1 

Fstel 

6 

Ribs 

Fracture 

1 

Mejor 

6 

SecroilUc 

Sprain/Strain 

1 

Minimel 

6 

Spinel  Cord 

Contusion 

1 

Fstel 

20 

T-06 

Fracture 

1 

Fstel 

20 

Thumb 

Avulsion 

1 

Minor 

6 

Unknown 

Multiple  Ini 

I 

Fstel 

4 

Unknown  (Fiul) 

Unknown 

l 

Fstel 

25 
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TABLE  M  •  SERIOUS  INJURY  TABULATION  EXCLUDING  136  FATALITIES 


l.  Initiation  Phase 

3.  Ejection  -  cont’d 

Autoakil 

Nab*  of 

I4«ry 

Anatomical 

Nmbir  of 

lAjery 

Put 

Type 

l^jarin 

Category 

Rattag 

Part 

Ujury  Type 

Ini  vie ■ 

Category 

Rating 

Pace 

Bum  2nd  Degree 

1 

Major 

4 

T-06 

Fracture 

3 

M^jor 

15 

Pace 

Bum  2nd  Degree 

1 

Minor 

4 

T-06 

Sprain/Strain 

2 

Minimal 

6 

Pool 

Sprain/Straifl 

1 

Minor 

4 

T-07 

Fracture 

5 

M^jor 

15 

Neck 

Bum  2nd  Degree 

1 

M^jor 

4 

T-07 

Sprain/Strain 

1 

Minimal 

6 

Neck 

Bum  2nd  Degree 

1 

Minor 

4 

T-07,9,10 

Fracture 

l 

Major 

15 

T-08 

Fracture 

7 

Major 

15 

2.  Path  Clearance  *  No  scrim  feu  tries  were  reported 

T-09 

Fracture 

4 

Major 

15 

T-10 

Fracture 

5 

Major 

15 

3.  EJECTION 

T-ll 

Fracture 

10 

Major 

15 

T-11,12 

Fracture 

1 

Major 

15 

Antonies) 

Number  of 

Injury 

T-12 

Fracture 

7 

Major 

15 

Pert 

Injury  Type 

Injuries 

Category 

Ruling 

T-12 

Fracture 

1 

Minimal 

15 

Thorax 

Sprain/Suain 

1 

Minimsl 

6 

Arm  Lower 

Fracture 

I 

Major 

6 

Ulna 

Fracture 

1 

Major 

6 

Arm  Lower 

Sprain/Strain 

1 

Major 

3 

Back 

Sprain/Strain 

8 

Minor 

6 

4.  Emergence 

Back 

Sprain/Strain 

13 

Minimal 

6 

Brain 

Unknown 

1 

Minor 

12 

Anatomical 

Number  of 

Injury 

C-01 

Fracture 

1 

Minor 

15 

Part 

Iqjwy  Type 

Idjunm 

Category 

Rating 

C-01 

Sprain/Strain 

1 

Major 

6 

C-01 

Sprain/Strain 

4 

Minor 

6 

Arm  Upper 

Fracture 

1 

Major 

6 

C-01 

Sprain/Strain 

4 

Minimal 

6 

Arm  Upper 

Sprain/Suain 

1 

Minimal 

3 

C-02 

Sprain/Strain 

1 

Minor 

6 

Back 

Sprain/Strain 

2 

Minimal 

6 

C-03 

Fracture 

1 

Major 

15 

Brain 

Tear 

1 

Major 

25 

C-04,5,6 

Fracture 

1 

Major 

15 

Brain 

Toxic  Reaction 

1 

Major 

25 

C-05 

Fracture 

1 

Major 

15 

Femur 

Fracture 

1 

Major 

16 

Eye 

Unknown 

1 

Major 

4 

Head 

Concussion 

2 

Major 

20 

Finger 

Avulsion 

2 

Minimal 

6 

Hume  rue 

Fracture 

4 

M^jor 

6 

Finger 

Fracture 

1 

Major 

3 

Jaw 

Fracture 

1 

Minor 

6 

Foot 

Contusion 

1 

Major 

4 

Jaw 

Fracture 

l 

Minimal 

6 

Foot 

Contusion 

5 

Minimal 

4 

Knee 

Dislocation 

1 

Major 

9 

Head 

Concussion 

1 

Minor 

20 

Knee 

Sprain/Strain 

3 

Major 

9 

Head 

Unknown 

1 

Major 

4 

Knee 

Sprain/Strain 

1 

Minor 

9 

Humerus 

Fracture 

1 

Major 

6 

L-01 

Fracture 

1 

Major 

15 

Jaw 

Sprain/Strain 

1 

Major 

* 

L-02 

Fracture 

1 

Major 

15 

Knee 

Sprain/Strain 

1 

Minor 

9 

Leg  Upper 

Fracture 

l 

Major 

16 

L-01 

Fracture 

11 

Major 

15 

Leg  Upper 

Sprain/Strain 

1 

Minimal 

6 

U)l 

Sprain/Strain 

1 

Minor 

6 

Neck 

Sprain/Strain 

1 

Major 

6 

L-01 

Sprain/Strain 

2 

Minimal 

6 

Neck 

Sprain/Strain 

2 

Minimal 

6 

L-02 

Fracture 

2 

Major 

15 

Shoulder 

Dislocation 

6 

Major 

6 

L-02 

Fracture 

1 

Minimal 

15 

Shoulder 

Fracture 

2 

Major 

9 

L-02 

Sprain/Suain 

1 

Minimal 

6 

Shoulder 

Sprain/Strain 

3 

Minimal 

3 

L-02,4 

Fracture 

1 

Major 

15 

T-07 

Fracture 

1 

Major 

15 

L-04 

Sprain/Strain 

1 

Minimal 

6 

T-ll 

Fracture 

1 

Major 

15 

L-05 

Sprain/Strain 

1 

Minimal 

6 

Thorax 

Sprain/Suain 

1 

Minor 

6 

Leg  Lower 

Fracture 

1 

Major 

16 

Tibia  Fibula 

Fracture 

1 

Major 

16 

Leg  Lower 

Sprain/Strain 

1 

Minimal 

4 

Ulna 

Dislocation 

1 

Major 

4 

Neck 

Fracture 

1 

Major 

15 

Ulna 

Fracture 

3 

Major 

6 

Neck 

Sprain/Strain 

4 

Major 

6 

Ulna 

Fracture  Dialoc 

] 

Major 

6 

Neck 

Sprain/Suain 

1 

Minor 

6 

Wriat 

Fracture 

1 

Major 

6 

Neck 

Sprain/Strain 

31 

Minimal 

6 

Ribs 

Fracture 

1 

Major 

6 

5.  Man-Seat  Separation 

Sacroiliac 

Sprain/Strain 

1 

Minimal 

6 

Scapula 

Dislocation 

1 

Major 

6 

Anatomical 

Number  of 

Injury 

Shoulder 

Fracture/Dialoc 

1 

Major 

6 

Part 

Nmy  Type 

Injuries 

Category 

Kitig 

Shoulder 

Sprain/Strain 

3 

Minimal 

3 

Sternum 

Fracture 

1 

Major 

6 

Brain 

Contusion 

1 

Major 

20 

T-01 

Fracture 

1 

Major 

15 

C-06,7 

Fracture 

1 

Major 

25 

T-02 

Stretching 

1 

Major 

14 

Head 

Concussion 

1 

Major 

20 

T-03 

Fracture 

1 

Major 

15 

Humerus 

Fracture 

1 

Mstor 

6 

T«03f4,5,6 

Sprain/Strain 

1 

Minimal 

6 

Ribs 

Fracture 

1 

Major 

6 

T-04 

Fracture 

2 

Major 

15 

Shoulder 

Avulsion  (7) 

1 

Major 

16 

T-04,5 

Fracture 

1 

Major 

15 

Skull  BamI 

Fracture 

1 

Major 

20 

T-05 

Fracture 

4 

Major 

15 

T-01 

Fracture 

1 

Major 

25 

T-05  Cord  In) 

Fracture/Comus 

1 

Major 

25 

Tibia  Fibula 

Fracture 

1 

Major 

16 
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t.  rAKACHUTV  DCTtOVMKKT 


l*J«T  Type 

Fnctura 

Sprain/Strain 

Sprain/Strain 

Sprain/Strain 

Sprain/Strain 

Sprain/Strain 

Spnin/Strain 

Sprain/Strain 

Sprain/Strain 

Sprain/Strain 

Coftuaton 

Fracture 

Spnin/Strain 


Ground  Encounter  -  cont’d 


Nrabtro i  Injury 

L ejarim  Category 


Arm  Lower 

Back 

Back 

Hip 

Neck 

Neck 

Neck 

Scapula 

Shoulder 

Shoulder 

Spinal  Cord 

T-12 

Thorax 

7,  Descent 


Major  6 
Minor  6 
Minimal  6 
Minor  6 
Major  6 
Minor  6 
Minimal  6 
Minimal  3 
Major  3 
Minimal  3 
Maior  20 
Mjyor  15 
Minor  6 


Number  of  Injury 
Injury  Type  Injun*  Category 


Burn  2nd  Degree  1 

Bum  2nd  Degree  1 

Bum  2nd  Degree  1 

Fracture  1 


Major  4 

Major  4 

Major  4 

Major  15 


8.  Ground  Encounter 


Ann  Upper 

Back 

Back 

Body 

Body 

Body 

Body 

Body 

Body 

Body 

Brain 

C-01 

C-02 

C-07 

Face 

Femur 

Fibula 

Finger 

Finger 

Foot 

Head 

Head 

Humerus 

Kidney 

Knee 

Knee 

Knee 

Knee 

Knee 

K)1 

L-01 

L-02 

L-02 

L-03 

L-05 


Fracture  4 

Sprain/Strain  1 

Sprain/Strain  3 

Sprain/Strain  6 

Sprain/Strain  1 

Sprain/Strain  6 

Sprain/ Sira  in  5 

Dehydration  I 

Heautroke  1 

Hemorrhag /Shock  1 
Hypothermia  4 

Hypothermia  3 

Hypothermia  1 

Starvation  1 

Amnesia  1 

Sprain/Strain  2 

Fracture  1 

Sprain/Strain  1 

Asphyxia  1 

Fracture  1 

Fracture  2 

Avulsion  1 

Fracture  1 

Sprain/Strain  1 

Concussion  2 

Concussion  1 

Fracture  1 

Contusion  2 

Hemarthrotis  1 

Sprain/Strain  4 

Sprain/Strain  2 

Sprain/Strain  4 

Tear  2 

Fracture  2 

Unknown  I 

Fracture  1 

Sprain/Stnin  1 

Fracture  1 

Sprain/Stnin  1 


Major  12 
Major  4 

Minor  4 

Minimal  4 
Minimal  3 
Minor  6 
Minimal  6 
Minor  12 


Minimal  9 

Minor  12 

Minor  10 

Minimal  6 

Major  25 

Minimal  6 

Major  25 


Minimal  9 
Major  6 
Major  15 
Major  4 
Major  1 5 
Minimal  6 
Major  20 
Minimal  6 


Anatomical 

Typ* 

Part 

Lag  Lower 

Fracture 

Leg  Upper 

Fracture 

Lung 

Cootuaion 

Lung 

Pneumothorax 

Neck 

Spnin/Strain 

Neck 

Sprain/Strain 

Pel  vie 

Fracture 

Ribs 

Dislocation 

Ribs 

Dialocation 

Ribs 

Fracture 

Sacroiliec 

Fracture 

Sacrum 

Fracture 

Nttbsrof  Injury 
Injuries  Category  Ratfag 

1  Major  16 

1  Major  16 

1  Minor  6 

1  Major  16 


Nih  tr  of  Injury 

Ujury  Type  Injuries  Category  Rating 


Sacrum 

Shoulder 

Shoulder 

T-01 

T-02 

T-02 

T-03 

r-03 

T«03 

T-04 

T-04 

T-04 

T-04  Cord  Inj 

T-05 

T  06 

T-07 

T-07 

T-OS 

T-0E 

T-09 

T-10 

T-12 

Thorax 

Tibia 

What 

9.  UNKNOWN 


Arm  Upper 

Back 

Body 

Brain 

L-02 

Neck 

Neck 

Neck 

Ribs 

Sacroiliac 

Thumb 


Sprain/Stnin 

Sprain/Strain 

Spnin/Strain 

Fracture 

Fracture 

Fracture 

Fracture 

Fracture 

Hematoma 

Fracture 

Fracture 

Hematoma 

Fracture/Contus 

Fracture 

Fracture 

Fracture 

Fracture 

Fracture 

Sprain/Strain 

Fracture 

Fracture 

Fracture 

Sprain/Strain 

Fracture 

Fracture 


Major  16 
Major  6 
Major  4 
Minor  6 
M^jor  16 
Major  16 
Minimal  6 
Minor  3 
Minimal  3 
Major  25 

Major  25 

Major  1 5 

Major  25 

Major  15 

Major  16 

Major  25 

Major  15 

Major  16 

Major  25 

Major  15 


Minimal  6 

Major  15 

Major  15 

Major  15 

Minimal  6 

Major  16 

Major  6 


lujiuy  Type 

Fracture 

Sprain/Strain 

Hemorrhag/Shock 

Amnesia 

Fracture 

Bum  2nd  Degree 

Sprain/Strain 

Sprain/Strain 

Fracture 

Sprain/Strain 

Avulsion 


Number  of  Injury 
Injuries  Category  Rating 


Minimal  4 
Minor  6 
Minimal  6 
Major  6 
Minimal  6 
Minor  6 


The  following  is  a  similar  tabulation  of  the  more  serious  injuries  that  occurred  during  each  of  the 
8  phases  of  escape,  and  an  unknown  category,  produced  using  the  above  selection  criterion.  In  this 
case,  assessed  Alb  ranges  are  used  instead  of  the  subjective  operational  ratings  used  in  Tables  B-l 
and  B-2. 

With  regard  to  the  AIS  Range,  a  00  notation  has  been  used  when  there  is  no  listing  for  the 
referenced  injury  type  in  connection  with  the  indicated  anatomical  part.  Where  there  are  multiple 
listings,  a  slash  (Anas  been  used  to  separate  both  the  injury  types  and  the  AIS  range  with  the 
appropriate  rating  being  indicated  respectively,  i.e.,  Strain/Sprain  1/00 


Table  B-3  -  SERIOUS  INJURY  TABULATION 


l.  Initiation  nusc 

3.  Ejection  -  cont’d 

Number  of 

Ulwy 

AIS 

Nwbcr  of 

Injury 

AIS 

AiHwiVil  hit 

UJBO'  Type 

Uiaries 

Category 

Raage 

AoMoaical  Part 

U|«ry  Type 

Injunct 

f 

U 

Range 

Body 

Multiple  lrg 

l 

Fatal 

9 

Head 

Concuaaion 

1 

Minor 

2 

Body  Multiple 

Bum  let  Degree 

1 

Fatal 

2 

Head 

Fracture 

1 

Fatal 

2 

Clavicle 

Fracture 

1 

Fata) 

2 

Head 

Unknown 

2 

Paul 

9 

Face 

Burn  2nd  Degree 

2 

Paul 

1 

Head 

Unknown 

1 

Major 

9 

Face 

Bum  2nd  Degree 

1 

Major 

1 

Humerus 

Fracture 

1 

Fata! 

2-3 

Face 

Bum  2nd  Degree 

1 

Minor 

1 

Hume  (us 

Fracture 

1 

Major 

2-3 

Fool 

Sprain/Strain 

1 

Minor 

1/00 

Jaw 

Fracture 

1 

Faul 

1-2 

Hand 

Bum  3rd  Degree 

1 

Fatal 

2 

Jaw 

Sprain/Sirain 

1 

Major 

N/A 

Uver 

Laceration 

1 

Fatal 

2-5 

Knee 

Sprain/Sirain 

1 

Minor 

2/00 

Neck 

Bum  2nd  Degree 

1 

Fatal 

1 

L-Ol 

Dislocation 

1 

Fatal 

2-3 

Neck 

Bum  2nd  Degree 

1 

Major 

1 

L-Ol 

Fracture 

2 

Fata! 

2-3 

Neck 

Bum  2nd  Degree 

1 

Minor 

1 

L-Ol 

Fracture 

11 

Major 

2-3 

Neck 

Bum  3rd  Degree 

1 

Paul 

2 

L-01 

Sprain/Strain 

1 

Minor 

00/1 

Ribs 

Fracture 

1 

Fatal 

2-5 

L-01 

Sprain/Sirain 

2 

Minimal 

00/1 

SkuM 

Fracture 

1 

Paul 

2-4 

L-02 

Fracture 

2 

Major 

2-3 

Skull  Baaal 

Fracture 

l 

Fatal 

3-4 

L-02 

Fracture 

1 

Minimal 

2-3 

Sternum 

Fracture 

1 

Paul 

2 

L-02 

Sprain/Strain 

1 

Minimal 

00/ 1 

Tibia  Fibula 

Fracture 

1 

Fatal 

2-3 

L-02 ,4 

Fracture 

1 

Major 

2-3 

L-04 

Sprain/Strain 

1 

Minimal 

00/1 

L-05 

Sprain/Strain 

1 

Minimal 

00/1 

2.  Path  Clearance  *  No  scriona  tajerici  wert  reported 

Leg  Lower 

Fracture 

1 

Fatal 

2-3 

Lag  Lower 

Fracture 

1 

Major 

2-3 

Leg  Lower 

Sprain/Strain 

1 

Minimal 

1-2 

3.  Ejection 

Neck 

Fracture 

1 

Major 

2-3 

Nab er  of 

N««y 

AIS 

Neck 

Sprain/Sirain 

4 

Major 

00/1 

Ait— tell  Fort 

I4«fy  Typ» 

lajnrtra 

Category 

Range 

Neck 

Sprain/Strain 

1 

Minor 

00/1 

Neck 

Sprain/Strain 

31 

Minimal 

00/1 

Arm  Lower 

Fiacture 

2 

Paul 

2-3 

Riba 

Fracture 

1 

Fatal 

2-5 

Arm  Lower 

Fracture 

1 

Major 

2-3 

Riba 

Fracture 

1 

Major 

2-5 

Arm  Lower 

Sprain/Strain 

1 

Major 

1/00 

Sacroiliac 

Sprain/Sirain 

1 

Minimal 

00/00 

Arm  Upper 

Fracture 

3 

Fatal 

2-3 

Scapula 

Dislocation 

1 

Major 

00 

Back 

Sprain/Strain 

1 

Minor 

00/1 

Shoulder 

Fracture/Dialoc 

1 

Major 

00/2 

Back 

Sprain/Sirain 

13 

Minimal 

00/1 

Shoulder 

Sprain/Sirain 

3 

Minimal 

1/00 

Brain 

Unknown 

1 

Minor 

9 

Skull 

Fracture 

1 

Fatal 

2-4 

C-Ol 

Fracture 

1 

Minor 

2-3 

Spinal  Cord 

Contusion 

I 

Fatal 

3 

C4)l 

Sprain/Strain 

1 

Major 

00/1 

Sternum 

Fracture 

1 

Major 

2 

C-0! 

Sprain/Strain 

4 

Minor 

00/1 

T-01 

Fracture 

1 

Major 

2-3 

C-OI 

Sprain/Strain 

A 

Minimal 

00/1 

T-02 

Stretching 

1 

Major 

00 

C-02 

Sprain/Sirain 

1 

Minor 

00/1 

T-03 

Fracture 

1 

Major 

2-3 

C-03 

Fracture 

1 

Major 

2-3 

T-03.4,5,6 

Sprain/Sirain 

1 

Minimal 

00/1 

C-04,5,6 

Fracture 

1 

Major 

2-3 

T-04 

Fracture 

2 

Major 

2-3 

C-05 

Fracture 

1 

Major 

2-3 

T-04,5 

Fracture 

1 

Major 

2-3 

C-06 

Fracture 

1 

Paul 

2-3 

T-05 

Fracture 

2 

Fatal 

2-3 

Eye 

Unknown 

1 

Major 

9 

T-05 

Fracture 

4 

Major 

2-3 

Femur 

Fracture 

1 

Paul 

3 

T-05  Cord  Inj 

Fracture /Contui 

1 

Major 

3 

Finger 

Avulsion 

2 

Minimal 

1-2 

T-06 

Fracture 

2 

Fatal 

2  3 

Finger 

Fracture 

1 

Major 

1 

T-06 

Fracture 

3 

Major 

2-3 

Pool 

Contusion 

1 

Major 

1 

T-Ob 

Sprain/Strain 

2 

Minimal 

00/1 

Foot 

Contusion 

5 

Minimal 

1 

T-07 

Fracture 

5 

Major 

2-3 

T-07 

Sprain/Strain 

1 

Minimal 

00/1 

T-07,9,10 

Fracture 

1 

Major 

2-3 
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3.  Ejection  -  cont’d 

4.  emergence  - 

COKT’D 

Nwberaf 

Injury 

AIS 

Number  of  Ini  ary 

AIS 

AHwriMi  Pvt 

Ui«0  Typ* 

Injuries 

Category 

Range 

Anatomical  Part 

l*J«ry  Typ* 

Category 

Raoga 

T-OS 

Dialocation 

1 

Fatal 

2-3 

Radiua  Ulna 

Fracture 

1 

Paul 

2-3 

T-Ot 

Fracture 

7 

Major 

2-3 

Riba 

Fracture 

2 

Fatal 

2-5 

T-09 

Fracture 

1 

Fatal 

2-3 

Shoulder 

Dialocetion 

6 

M^jor 

2 

T-09 

Fracture 

4 

M^jor 

2-3 

Shoulder 

Fracture 

1 

Fatal 

00 

T-lO 

Fracture 

1 

Fatal 

2-3 

Shoulder 

Fracture 

2 

Major 

00 

T-10 

Fracture 

5 

Major 

2-3 

Shoulder 

Sprain/Strain 

3 

Minimal 

1/00 

T-l  1 

Fracture 

10 

Major 

2-3 

Skull 

Fracture 

1 

Fatal 

2-4 

T-11,12 

Fracture 

1 

Major 

2-3 

Skull  Ratal 

Fracture 

1 

Fatal 

3-4 

T-12 

Fracture 

l 

Fatal 

2-3 

Spina!  Cord 

Contuaion 

1 

Fatal 

3 

T-12 

Fracture 

7 

Major 

2-3 

T07 

Fracture 

1 

Fatal 

2-3 

T-12 

Fracture 

1 

Minimal 

2-3 

T-07 

Fracture 

1 

Major 

2-3 

Thorax 

Sprain/Strain 

1 

Minimal 

00/00 

T-l  1 

Fracture 

1 

Major 

2-3 

Tibia  Fibula 

Fracture 

1 

Fatal 

2  3 

Thigh 

Amputation 

1 

FaUl 

4 

Ulna 

Fracture 

1 

Major 

2-3 

Thigh 

Fracture 

2 

Fatal 

3 

Thorex 

Sprein/Strein 

1 

Minor 

9 

4.  Emergence 

Tibia  Fibula 

Fracture 

1 

Fau) 

2-3 

Number  of 

Injury 

AIS 

Tibia  Fibula 

Fracture 

1 

Major 

2-3 

Anatomical  Pan 

I4mry  Type 

Injuries 

Category 

Range 

Ulna 

Dialocation 

l 

Major 

00 

Ulna 

Fracture 

2 

Fau) 

2*3 

Abdomen 

Ev  laceration 

1 

Fau) 

9 

Ulna 

Fracture 

3 

Major 

2-3 

Abdomen 

Laceration 

1 

Paul 

9 

Ulna 

Fracture  Ditloc 

1 

Major 

2-3 

Arm  Upper 

AmpuUtion 

2 

Fatal 

3 

Unknown 

Fracture 

1 

FaUl 

9 

Arm  Upper 

Fracture 

1 

Paul 

2-3 

Wriit 

Fracture 

l 

Major 

2-3 

Ann  Upper 

Fracture 

1 

Major 

2-3 

Ann  Upper 

Sprain/Strain 

1 

Minimal 

1/00 

5.  Man-Seat  Separation 

Back 

Sprain/Strain 

2 

Minimal 

00/1 

Nona  bar 

of  Igjafy 

AIS 

Body  (Paul) 

Multiple  Iiy 

1 

Fatal 

9 

Anatomical  Part 

UM*iy  Typ* 

Injuries 

Category 

Range 

Brachial 

Fracture 

I 

Paul 

1-3 

Brain 

Contuaion 

1 

Fatal 

3  5 

Brain 

Contusion 

1 

Paul 

3-5 

Brain 

Tear 

1 

Major 

4-6 

Brain 

Contusion 

1 

Major 

3-5 

Brain 

Toxic  Reaction 

l 

Major 

00 

C-01 

Laceration 

1 

FaUl 

6 

C-01 

Hemorrhage 

1 

Fatal 

9 

C-03 

Tranaection 

1 

FaUl 

5-4 

C-02 

Fracture 

1 

Fatal 

2-3 

C-06 

Tranaection 

1 

Paul 

5 

C-04 

Dialocation 

1 

Paul 

2-3 

C-06, 7 

Fracture 

1 

Major 

2-3 

C-04 

Fracture/Dialoc 

1 

Fatal 

2-5 

C-07 

Fracture 

1 

Paul 

2-3 

C-05 

Fracture 

1 

Fatal 

2-3 

Eye 

Laceration 

1 

FaUl 

1-2 

C-06 

Fracture/Dielcc 

1 

Fatal 

2-5 

Fibula 

Fracture 

1 

Paul 

2 

Clavicle 

Fracture 

1 

Fatal 

2 

Great  Vesaela 

Laceration 

1 

Paul 

2-4 

Clavicle 

Fracture/Multi 

1 

Fatal 

2 

Head 

Concussion 

1 

Major 

2 

Elbow 

Dialocation 

1 

Fatal 

1 

Head 

Fracture 

1 

Paul 

2-4 

Femur 

Fiacture 

2 

Paul 

3 

Humcrua 

Fracture 

1 

Major 

2-3 

Femur 

Fracture 

1 

Major 

3 

Riba 

Fracture 

1 

Major 

2-5 

Great  Veeaelt 

Tranaection 

1 

Paul 

2-6 

Sacroiliac 

Fracture 

1 

Paul 

3 

Hoad 

Cone  «eion 

2 

Major 

2 

Shoulder 

Avulsion  (7) 

1 

M^jor 

00 

Head 

Decapitation 

1 

Fatal 

6 

Skull 

Fracture 

1 

Paul 

2-4 

Head 

Fracture 

3 

Fatal 

2-4 

Skull  Ratal 

Fracture 

1 

Paul 

3-4 

Heart 

Laceration 

1 

Fatal 

3-4 

Skull  Ratal 

Fracture 

1 

Major 

3-4 

Humerus 

Fracture 

4 

Fatal 

2  3 

T-Ol 

Fracture 

1 

Major 

2-3 

Hume  a*! 

Fracture 

4 

Major 

2-3 

Thorax 

Multiple  by 

1 

FaUl 

9 

Jaw 

Fracture 

1 

Minor 

1-2 

Tibia  Fibula 

Fracture 

1 

Major 

2-3 

Jaw 

Fracture 

1 

Minimal 

1-2 

Knee 

Dialocation 

1 

Fatal 

2 

6.  Parachute  Deployment 

Knee 

Dialocation 

1 

Major 

2 

Nil  her  of  Injury 

AIS 

Knee 

Sprain/3train 

3 

Major 

2/00 

Anatomical  Part 

Injury  Typ* 

Ujuiim 

Category 

Range 

Knee 

Sprain/Strain 

1 

Minor 

2/00 

L-Ol 

Fracture 

1 

Major 

2-3 

Arm  Lower 

Fracture 

1 

Major 

2-3 

L-02 

Fracture 

1 

Major 

2*3 

Back 

Sprain/Strain 

1 

Minor 

00/1 

U4 

Fracture 

1 

Tatal 

2-3 

Back 

Sprain/Strain 

2 

Minimal 

00/1 

Leg  Lower 

Amputation 

1 

Fatal 

3-4 

Brain 

Hemorrhage 

1 

Paul 

3-5 

Leg  Lower 

Fracture 

1 

Fatal 

2-3 

C-02 

Tranaection 

1 

FaUl 

5-6 

Leg  Upper 

Frac'ure 

2 

Fatal 

2-3 

C-03 

Fracture 

1 

FaUl 

2-3 

Leg  Upper 

Free  hire 

1 

Major 

2-3 

C-04 

Fracture 

1 

Faul 

2-3 

Leg  Upper 

Sprein/Strein 

1 

Minimal 

1/00 

C-06 

Fracture 

1 

FaUl 

2-3 

Lung 

Contusion 

1 

Paul 

3-4 

Femur 

Fracture 

1 

Faul 

3 

Neck 

Avulaion  (7) 

1 

Fatal 

1-3 

Head 

Fracture 

1 

Paul 

2-4 

Neck 

Fracture 

1 

Paul 

2-3 

Hip 

Sprain/Strain 

1 

Minor 

1/00 

Neck 

Sprein/Strein 

1 

Major 

00/1 

Leg  Lower 

Amputation 

l 

Faul 

3 

Neck 

Sprein/Strein 

2 

Minimal 

00/1 

Neck 

Asphyxia 

1 

Faul 

00 

Pubia 

Dialocation 

1 

Fatal 

2  3 

Neck 

Sprain/Strain 

1 

Major 

00/1 
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I,  ground  encounter  -  cont’d 


6.  Parachute  deployment 
AvRwital  Part  Uimry  Type 


N— ber  of  lRi«ry  A1S 
btfwrfag  Category  Raage 


Aaatoakil  Put  Injury  Typo 


Number  of  Injury  A1S 
lnj  erica  Category  Usage 


Neck 

Nock 

Ribs 

Ribs 

Scapula 

Sioulder 

Shoulder 

Spinal  Cord 

Spinal  Cord 

T-01 

T-12 

Thorax 

7.  Descent 


Sprain/Strain 

Sprain/Strain 

Fracture 

Fracture/MuHi 

Sprain/Strain 

Sprain/Strain 

Sprain/Strain 

Contusion 

Transection 

Laceration 

Fracture 

Sprain/Strain 


Aiatoakal  Part  Injury  Typo 


Face 

Hand 

Neck 

T-03 


Bum  2nd  Degree 
Bum  2nd  Degree 
Bum  2nd  Degree 
Free  tu  re 


Number  of 
Injuries 

1 
1 
1 
1 


Minor 

Minimal 

Fatal 

Fatal 

Minimal 

Major 

Minimal 

Major 

Fatal 

Fatal 

Major 

Minor 


tejary 

Category 


00/ 1 
00/1 
2-5 
2-5 
00/00 
1/00 
1/00 
3 

5-6 

5 

2-3 

00/00 


A1S 

Range 


Major  1 

Major  1 

Major  1 

Major  2-3 


9.  Ground  Encounter 
Anatomical  Part  Injury  Typo 


N— hsr  of  Injury  A1S 
Injuries  Category  Range 


Abdomen 

Abdomen 

Abdomen 

Ankle 

Ankle 

Ankle 

Ankle 

Ankle 

Arm  Lower 

Arm  Lower 

Arm  Lower 

Arm  Upper 

Aim  Upper 

Arm  Upper 

Beck 

Beck 

Body 

Body 

Body 

Body 

Body 

Body 

Body 

Body 

Body 

Body 

Body 

Body 

Body  (Fetal) 

Body 

Body 

Body  50% 
Body  10% 
Body  90% 
Body  Multiple 
Body  Multiple 
Body  Multiple 
Body  Multiple 
Brain 
Brain 
Brain 
Brain 
Brain 


Hemorrhage /Shock  1  Fatal  9/00 

Multiple  Inj  4  Fatal  9 

Rupture  1  Fatal  3-4 

Fracture  3  Fotfl  2-3 

Fracture  4  Major  2-3 

Sprain/Strain  1  Major  1/00 

Sprain/Strain  3  Minor  1/00 

Sprain/Strain  6  Minimal  1/00 

Amputation  5  Fatal  3 

Bum  3rd  Degree  1  Fatal  2 

Fracture  2  Fatal  2-3 

Amputation  10  Paul  3 

Fracture  3  ^aial  2-3 

Sprain/Strain  1  Minimal  1/00 

Sprain/Strain  6  Minor  00/1 

Sprain/Strain  5  Minimal  00/1 

Bum  4th  Degree  4  Fatal  6 

Dehydration  l  Minor  00 

Frostbite  1  Fetal  00 

Heatstroke  I  Major  00 

Hemorrhage/ Shock  1  Faul  9/00 

Hemorrhage/Shock  1  Major  9/00 

Hypothermia  2  Fatal  1-5 

Hypothermia  4  Major  1-5 

Hypothermia  3  Minor  1-5 

Hypothermia  1  Minimal  1-5 

Multiple  lnj  1  Fata)  9 

Starvation  1  Minor  00 

Disruption  3  Faul  9 

Fragmentation  1  Faul  9 

Multiple  Lnj  67  Faul  9 

Bum  4th  Degree  2  Paul  5 

Bum  4th  Degree  2  Paul  5 

Bum  4th  Degree  1  Faul  6 

Bum  1st  Degree  1  Faul  9 

Fixture  5  Faul  9 

Hemorrhage  1  Faul  9 

Laceration  2  Paul  9 

Amnesia  1  Minor  2-3 

Asphyxia  1  Paul  00 

Asphyxia  Toxic  1  Paul  00 

Avulsion  4  Faul  9 

Contusion  2  Faul  3-5 


Brain 

Brain 

Brain 

Brain 

Brain 

C-01 

C-01 

C-01 

C-01 

C-01 

C-02 

C-02 

C-02 

C-05 

C-05 

C-06 

C-06 

C-06 

C-07 

C-07 

C-07 

Clavicle 

Face 

Face 

Face 

Femur 

Femur 

Femur 

Femur 

Fibula 

Fibula 

Finger 

Finger 

Finger 

Foot 

Foot 

Foot 

Great  Vessels 
Great  Vessels 
Hand 
Hand 
Head 
Head 
Head 
Head 
Head 
Head 
Head 
Heart 
Heart 
Heart 
Humerus 
Humerus 
Humerus 
law 
Kidney 
Kidney 
Knee 
Knee 
Knee 
Knee 
Knee 
Knee 
L-Ol 
L-01 
1-01 
L-Ol 
L-01 
L-01,5 


Crush  Injury 

1 

Exsanguination 

1 

Hematoma 

1 

Laceration 

1 

Transection 

1 

Bum  3rd  Degree 

1 

Dislocation 

1 

Fracture 

4 

Sprain/Strain 

Transection 

2 

4 

Fracture 

2 

Fracture 

1 

Transection 

2 

Dislocation 

1 

Fracture 

2 

Dislocation 

1 

Fracture 

1 

Fracture 

2 

Fracture 

1 

Fracture/ Avulsion 

1 

Sprain/Strain 

1 

Fracture 

6 

Asphyxia 

1 

Fracture 

1 

Fracture 

4 

AmpuUtion 

1 

Fracture 

2 

Fracture 

2 

Fracture 

1 

Fracture 

3 

Fracture 

2 

Avulsion 

1 

Fracture 

2 

Fracture 

1 

Amputation 

1 

Fracture 

3 

Sprain/Strain 

1 

Lace  ration 

2 

Transection 

4 

Bum  3rd  Degree 

1 

Fracture 

4 

Avulsion 

2 

Concussion 

2 

Concussion 

1 

Decapitation 

19 

Evisceration 

1 

Fracture 

15 

Multiple  lnj 

2 

Laceration 

11 

Rupture 

2 

Transection 

1 

Amputation 

2 

Fracture 

5 

Fracture 

l 

Fracture 

3 

Contusion 

2 

Hemorrhage 

1 

Dislocation 

1 

Hemarthrosis 

1 

Sprain/Strain 

4 

Sprain/Strain 

2 

Sprain/Strain 

4 

Tmr 

2 

Fracture 

1 

Fracture 

7 

Fracture  Disloc 

1 

Transection 

1 

Unknown 

1 

Fracture 

1 

Faul 

6 

Paul 

00 

Faul 

4-5 

Faul 

4-6 

Fata) 

9 

Faul 

2 

Faul 

2-3 

Paul 

2-3 

Minimal 

00/1 

Faul 

5-6 

Faul 

2-3 

Major 

2-3 

Faul 

5-6 

Faul 

2-3 

Faul 

2-3 

Faul 

2-3 

Faul 

2-3 

Faul 

2-3 

Faul 

2*3 

Faul 

2-3/00 

Minimal 

00/1 

Faul 

2 

Major 

00 

Faul 

1-4 

Faul 

1-4 

Faul 

4 

Faul 

3 

Faul 

3 

Major 

3 

Faul 

2 

Major 

2 

Minor 

1-2 

Faul 

Minor 

1 

Faul 

3 

Faul 

2 

Minor 

1/00 

Faul 

2-6 

Faul 

2-6 

Faul 

2 

Faul 

2 

Faul 

1-3 

Major 

2 

Minor 

2 

Faul 

6 

Faul 

9 

Faul 

2-4 

Faul 

9 

Faul 

3-6 

Faul 

5-6 

Paul 

9 

Faul 

3 

Faul 

2-3 

Major 

2-3 

Faul 

1-2 

Major 

2-3 

Faul 

00 

Faul 

2 

Major 

Major 

00 

2/00 

Minor 

2/00 

Minimal 

2/00 

Major 

2 

Paul 

2-3 

Major 

2-3 

Faul 

2-3 

Faul 

5 

Major 

9 

Faul 

2-3 
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S.  Ground  Encounter  *  cont’d 


Number  of 

I*Jwy 

AJS 

Aaelflmirel  Part 

leiyiyn 

Category 

Raage 

L-01 

Free  tun 

\ 

Fetal 

2-3 

U2 

Free  turn 

1 

Fetal 

2-3 

L-02 

Free  turn 

1 

Major 

2-3 

L-02 

Sprain/Strain 

1 

Minimal 

00/1 

L-Q3 

Fracture 

2 

Fetal 

2-3 

L03 

Fracture 

2 

Major 

2-3 

L-03 

Traneection 

2 

Fetal 

5 

L-05 

Fracture 

l 

Fetal 

2  3 

L-05 

Sprain/Strain 

1 

Minimal 

00/1 

U|  Lower 

Amputetioo 

6 

Fatal 

3-4 

Leg  Lower 

Fracture 

5 

Paul 

2-3 

Leg  Lower 

Fracture 

1 

Major 

2-3 

Leg  Lower 

Multiple  Irg 

1 

Fata! 

9 

Leg  Upper 

Leg  Upper 

Axnpuuiion 

DUlocetion 

6 

1 

Fatal 

Fatal 

4 

2 

Leg  Upper 

Fracture 

5 

Paul 

3 

Leg  Upper 

Fracture 

1 

Major 

3 

Leg  Upper 

Multiple  Iqj 

1 

Paul 

9 

Liver 

Leceretion 

3 

Fatal 

2-5 

Lung 

Contusion 

1 

Minor 

3-4 

Lung 

Leceretion 

4 

Fatal 

3  5 

Lung 

Pneumothorax 

1 

Major 

00-5 

Lunge 

Aephyxie  Toxic 

1 

Fatal 

00 

Lunge 

Lunge 

Drowning 

Multiple 

10 

1 

Fatal 

Paul 

00 

9 

Lunge 

Neel 

Rupture 

Fracture 

1 

6 

Fatal 

Fetal 

9 

2-3 

Neck 

Leceretion 

1 

Fatal 

1-3 

Neck 

Sprain/Strain 

1 

Minor 

00/1 

Neck 

Sprain/Strain 

6 

Minimal 

00/1 

Pelvie 

Fracture 

11 

Fatal 

2-3 

Pelvie 

Fracture 

l 

Major 

2-3 

Pubie 

DieJocetion 

1 

Fatal 

2-3 

Pubie 

Fracture 

5 

Fatal 

2-3 

Rediua 

Fracture 

5 

Fatal 

2-3 

Radiue  Ulne 

Fracture 

6 

Paul 

2-3 

Ribe 

Dielocetion 

1 

Mejor 

00 

Ribe 

Dislocation 

1 

Major 

00 

Ribe 

Fracture 

34 

Fatal 

2-5 

Ribe 

Fracture 

1 

Minor 

2-5 

Sacroiliac 

Fracture 

1 

Fatal 

3 

Sacroiliac 

Fracture 

1 

Major 

3 

Sec  rum 

Fracture 

I 

Major 

2-3 

Sec  rum 

Sprain/Strain 

1 

Minimal 

00/00 

Scepule 

Fracture 

1 

Fatal 

2 

Shoulder 

Dielocetion 

1 

Fatal 

2 

Shoulder 

Fracture 

3 

Fatal 

9 

Shoulder 

Sprain/Strain 

1 

Minor 

1/00 

Shoulder 

Sprain/Strain 

1 

Minimal 

1/00 

Skull 

Fracture 

19 

Fatal 

2-4 

Skull  Beeal 

Dielocetion 

1 

Paul 

00 

Skull  Be  eel 

Fractuie 

8 

Fetal 

3-4 

Spinel  Cord 

Traneection 

1 

Fatal 

5-6 

Spine 

Fracture 

2 

Fatal 

2-3 

Spleen 

Laceration 

1 

Fatal 

2-5 

Sternum 

Fracture 

2 

Paul 

2 

T-OI 

Fracture 

1 

Fetal 

2-3 

T-OI 

Fracture 

1 

Mejor 

2-3 

T-02 

Dielocetion 

2 

Fetal 

2-3 

T-02 

Fracture 

1 

Mejor 

2-3 

T-02 

Fracture 

1 

Mejor 

2-3 

T-02 

Traneection 

1 

Paul 

5 

T-02, 3,1 1  4k  12 

Fracture 

1 

Fatal 

2-3 

T-03 

Dielocetion 

2 

Paul 

2-3 

T-03 

Fracture 

1 

Major 

2-3 

T-03 

Fracture 

3 

Major 

2-3 

T-03 

Fracture  Dieloc 

1 

Fatal 

2-3 

T-03 

Hematoma 

1 

Major 

00 

T-03 

Traneection 

1 

Fatal 

5 

8.  Ground  Encounter  -  cont’d 


Number  of 

A1S 

Anatomical  hit 

Type 

Ihjorim 

Category 

Reage 

T-04 

Avuleion 

1 

Faul 

00 

T  -04 

Fracture 

1 

Major 

2-3 

T-04 

Fracture 

4 

M^jor 

2-3 

T-04 

Fracture  Dieloc 

1 

Fatal 

2-3 

T-04 

Hematoma 

t 

M^jor 

00 

T-04 

Traneection 

1 

Faul 

5 

T-04  Cord  li\j 

Fractura/Contua 

1 

Faul 

3 

T-04  Cord  lnj 

Fracturv/CoaKue 

1 

Major 

3 

T-05 

Fracture 

1 

Faul 

2-3 

T-05 

Fracture 

1 

Faul 

2-3 

T-05 

Fracture 

6 

Major 

2-3 

T-06 

Fracture 

1 

Faul 

2-3 

T-06 

Fracture 

7 

Major 

2-3 

T-06  Cord  Lrg 

Fracture/Contue 

1 

Faul 

3 

T-07 

Fracture 

1 

Major 

2-3 

T-07 

Fracture 

3 

Major 

Major 

2-3 

T-08 

Fracture 

2 

2-3 

T-08 

Sprain/Strain 

1 

Minimal 

00/1 

T-08 

Traneection 

1 

Faul 

5 

T-08, 9 

Fracture 

1 

Faul 

2-3 

T-09 

Fracture 

1 

Faul 

2-3 

T-09 

Fracture 

4 

Major 

2-3 

T-09 

Fracture  Dieloc 

1 

Faul 

2-3 

T-10 

Dielocetion 

1 

Faul 

2-3 

T-10 

Fracture 

1 

Faul 

2-3 

T-10 

Fracture 

1 

Major 

2-3 

T-l  1 

Dielocetion 

1 

Faul 

2-3 

T-12 

Fracture 

1 

Faul 

2-3 

T-12 

Fracture 

3 

Major 

2-3 

T-12 

Fracture  Dieloc 

1 

Paul 

2*3 

T-12 

Traneection 

1 

Faul 

5 

Thorax 

Aephyxie 

1 

Fatal 

00 

Thorax 

Cruah  Injury 

1 

Faul 

6 

Thorax 

Eviec  era  lion 

1 

Faul 

9 

Thorax 

Fracture 

4 

Faul 

1-5 

Thorax 

Multiple  Iqj 

3 

Faul 

9 

Thorax 

Rupture 

1 

Faul 

9 

Thorax 

Sprain/Strain 

1 

Minimal 

00/00 

Thorax 

Traneection 

1 

Faul 

9 

Thumb 

A  mputation 

1 

Faul 

2 

Tibia 

Fracture 

4 

Paul 

2-3 

Tibia 

Fracture 

1 

Major 

2-3 

Tibia  Fibula 

Fracture 

12 

Faul 

2-3 

Ulna 

Fracture 

1 

Faul 

2-3 

Wriet 

Fracture 

1 

Faul 

2-3 

Wriet 

Fracture 

1 

Major 

2-3 

9.  Unknown 

Nvborof 

UJ«fy 

AIS 

Anatomical  Part 

Injury  Type 

Injuries 

Category 

Range 

Abdomen 

Hematoma 

1 

Faul 

3 

Arm  Lower 

Fracture 

1 

Faul 

2-3 

Arm  Upper 

Fracture 

1 

Faul 

2-3 

Arm  Upper 

Fracture 

1 

Major 

2-3 

Back 

Body 

Sprain/Strain  2 

Hemorrhage /Shock  1 

Minor 

Major 

00/1 

9/00 

Body  (Fatal) 

Unknown 

1 

Faul 

9 

Body  Multiple 

Unknown 

3 

Faul 

9 

Brain 

Amneeia 

1 

Minor 

2-3 

C-01 

Dieloc  ation 

1 

Faul 

2-3 

Hand 

Amputation 

1 

Faul 

3 

Head 

Fracture 

1 

Faul 

2-4 

L-02 

Fracture 

1 

Major 

2-3 

Leg  Lower 

Fracture 

1 

Paul 

2-3 

Liver 

Laceration 

1 

Faul 

2-5 

Neck 

Bum  2nd  Degree 

Minimal 

1 

Neck 

Sprain/Strain 

Minor 

00/1 

Neck 

Sprain/Strain 

1 

Minimal 

00/| 
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9.  Unknown  •  cwrr’D 


Antenmkal  Put 

iyp* 

Nareberof 

m«ri« 

fatfwy 

Category 

RmC* 

Ntvtr  Recovered 

Unknown 

5 

Fatal 

9 

Ribs 

Fracture 

1 

Fatal 

2*5 

Riba 

Fracture 

1 

Mtjor 

Minimal 

2-5 

Sacroiliac 

Sprein/Streio 

1 

00/00 

Spinal  Cord 

uMturioc 

1 

Fatal 

3-6 

T-06 

Fracture 

1 

Fatal 

2-3 

Thumb 

Avulaioo 

1 

Minor 

1-2 

Unknown 

Multiple  Iq 

1 

Fatal 

9 

Unknown  (Fatal) 

Unknown 

1 

Fatal 

9 
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Table  B-4  -  SERIOUS  INJURY  TABULATION  (EXCLUDING  126  FATALITIES) 


I.  Initiation  Pham 


Number  of 

Igiory 

AIS 

A— tomlcal  Part 

t>p* 

14  vim 

Category 

Range 

Pace 

Bure  2nd  Degree 

1 

Msjor 

1 

Face 

Bure  2od  Degroe 

l 

Minor 

1 

Foot 

Sprein/Strein 

1 

Minor 

1/00 

Nock 

Bum  2nd  Degree 

1 

Major 

1 

Nock 

Bum  2nd  Degree 

1 

Minor 

1 

2,  Path  Clearance  *  No  i 4«ri«$  wore  reported 


3.  Ejection 

Anatomical  Part 

lajery  Type 

Number  of 
Ujufies 

Ujiuy 

CaUfory 

AIS 

Range 

Arm  Lower 

Fracture 

1 

Major 

2-3 

Arm  Lower 

Sprain/Strain 

1 

Major 

1/00 

Back 

Sprain/Strain 

8 

Minor 

00/1 

Back 

Sprain/Strain 

13 

Minimal 

00/1 

Brain 

Unknown 

1 

Minor 

9 

C-01 

Fracture 

t 

Minor 

2-3 

C-01 

Sprain/Strain 

1 

Major 

00/1 

C-01 

Sprain/Strain 

4 

Minor 

00/1 

C-01 

Sprain/Strain 

4 

Minimal 

00/1 

C-02 

Sprain/Strain 

1 

Minor 

00/ 1 

C-03 

Fracture 

1 

Major 

2-3 

C-04,5,6 

Fracture 

1 

Major 

2-3 

C-05 

Fracture 

1 

Major 

2-3 

Eye 

Finger 

Unknown 

i 

Major 

9 

Avulsion 

2 

Minimal 

1-2 

Finger 

Fracture 

1 

Major 

1 

Foot 

Contusion 

1 

Major 

1 

Foot 

Contusion 

5 

Minimal 

1 

Hoed 

Concussion 

1 

Minor 

2 

Hoed 

Unknown 

1 

Major 

9 

Humerus 

Fracture 

1 

Major 

2-3 

Jaw 

Sprain/Strain 

1 

Major 

N/A 

Knee 

Sprain/Strain 

1 

Minor 

2/00 

L-01 

Fracture 

11 

Major 

2-3 

L-0  1 

Sprain/Strain 

1 

Minor 

00/1 

L-01 

Sprain/Strain 

2 

Minimal 

00/1 

L-02 

Fracture 

2 

Major 

2-3 

L-02 

Fracture 

1 

Minimal 

2-3 

L-02 

Sprain/Strain 

1 

Minimal 

00/1 

L-02/ 

Fracture 

1 

Major 

2-3 

L-04 

Sprein'Strain 

1 

Minimal 

00/1 

L-05 

Sprain/Strain 

1 

Minimal 

00/1 

Log  Lower 

Fracture 

1 

Major 

2-3 

Leg  Lower 

Sprain/Strain 

1 

Minimal 

1-2 

Neck 

Fracture 

1 

Major 

2-3 

Nock 

Sprain/Suain 

4 

Major 

00/1 

Neck 

Sprain/Strain 

1 

Minor 

00/1 

Nock 

Sprain/Strain 

31 

Minimal 

00/1 

Ribs 

Fracture 

1 

Major 

2-5 

Sacroiliac 

Sprain/Strain 

1 

Minimal 

00/00 

Scapula 

Dislocation 

1 

Major 

00 

Shoulder 

Fracture/Di  sloe 

1 

Major 

00/2 

Shoulder 

Sprain/Strain 

3 

Minimal 

1/00 

Sternum 

Fracture 

1 

Major 

2 

T-01 

Fracture 

1 

Major 

2-3 

T-02 

Stretching 

1 

Major 

00 

T-03 

Fracture 

1 

Major 

2-3 

T-03, 4, 5, 6 

Sprain/Strain 

1 

Minimal 

00/1 

T-04 

Free  turn 

2 

Major 

2-3 

T-04,5 

Fracture 

1 

Ms  or 

2-3 

T-05 

Fracture 

4 

Major 

2-3 

T-05  Cord  In) 

Fracture/Contus 

1 

Ms  or 

3 

T-06 

Fracture 

3 

Major 

2-3 

T-06 

Sprain/Strain 

2 

Minimal 

00/1 

3.  Ejection  -  cont’d 

fMiroT  lAi«r>  AIS 

Amiooktl  Port  I4vy  Typo  Invite  Category  Rang# 


T07 

Fracture 

5 

Major 

2-3 

T-07 

Sprain/Strain 

1 

Minimal 

00/1 

T-07 ,9. 10 

Fracture 

1 

Major 

2-3 

T-08 

Fracture 

7 

Major 

2-3 

T-09 

Fracture 

4 

Major 

2-3 

T-10 

Fracture 

5 

Major 

2-3 

T-l  1 

Fracture 

10 

Major 

2-3 

T-l  1,12 

Fracture 

1 

Major 

2-3 

T-12 

Fracture 

7 

Major 

2-3 

T-12 

Fracture 

1 

Minimal 

2-3 

Thorax 

Sprain/Strain 

1 

Minimal 

00/00 

Ulna 

Fracture 

1 

Major 

2-3 

4.  Emergence 

Anatomical  Part 

Injury  Type 

Nmnbar  of 
14  vim 

Uwy 

Category 

AIS  ^ 

Arm  Upper 

Fracture 

1 

Major 

2-3 

Arm  Upper 

Sprein/Strein 

1 

Minimal 

1/00 

Back 

Sprain/Suain 

2 

Minimal 

00/1 

Brain 

Tear 

1 

Major 

4-6 

Brain 

Toxic  Reaction 

1 

Msjor 

00 

Femur 

Fracture 

1 

Msjor 

3 

Head 

Concussion 

2 

Major 

2 

Humerus 

Fracture 

4 

Major 

2-3 

Jaw 

Fracture 

1 

Minor 

1-2 

Jaw 

Fracture 

1 

Minimal 

1-2 

Knee 

Dislocation 

1 

Major 

2 

Knee 

Sprain/Strain 

3 

Major 

2/00 

Knee 

Sprain/Strain 

1 

Minor 

2/00 

L-01 

Fracture 

1 

Major 

2-3 

L-02 

Fracture 

1 

Ma  or 

2-3 

Leg  Upper 

Fracture 

1 

Major 

2-3 

Leg  Upper 

Sprain/Strain 

1 

Minimal 

1/00 

Neck 

Sprain/Strain 

1 

Major 

00/1 

Neck 

Sprain/Strain 

2 

Minimal 

00/1 

Shoulder 

Dislocation 

6 

Major 

2 

Shoulder 

Fracture 

2 

Major 

00 

Shoulder 

Sprein/Strein 

3 

Minimal 

1/00 

T-07 

Fracture 

1 

Major 

2-3 

T-U 

Fracture 

1 

Major 

23 

Thorax 

Sprain/Strain 

1 

Minor 

9 

Tibia  Fibula 

Fracture 

1 

Major 

2-3 

Ulna 

Dislocation 

1 

Maor 

00 

Ulna 

Fracture 

3 

Major 

2-3 

Ulna 

Fracture  Disloc 

1 

M^or 

2-3 

Wrist 

Fracture 

1 

Major 

7-3 

5.  Man-Seat  Separation 


Anatomical  Part 

injury  Type 

Nmnbar  of 
14  arias 

Injury 

Caupery 

AIS 

Rang# 

Brain 

Contusion 

1 

Major 

MijOf 

3-5 

C-06,7 

Fracture 

1 

2-3 

Head 

Concussion 

1 

Major 

2 

Humerus 

Fracture 

1 

Major 

2-3 

Ribs 

Fracture 

t 

Major 

2-5 

Shoulder 

Avulsion  (7) 

1 

Major 

00 

Skull  Basal 

Fracture 

1 

Major 

3-4 

T*0! 

Fracture 

1 

Major 

2-3 

Tibia  Fibula 

Fracture 

1 

Major 

2-3 

6.  Parachvtc  Dimmawr 

AmUmIuI  Pan  m«y  Typa 

NmberN 

U|whi 

Mmry 

Catifory 

Ann  Lower 

Fracture 

1 

Major 

Beck 

Sprain/Strain 

1 

Minor 

Back 

Sprain/Stnin 

2 

Minimal 

Hip 

Sprain/Stnin 

1 

Minor 

Neck 

Sprain/Stnin 

1 

Major 

Neck 

Sprain/Stnin 

2 

Minor 

Neck 

Spnin/Stnin 

1 

Minimal 

Scapula 

Sprain/Stnin 

1 

Minimal 

Shoulder 

Sprain/Stnin 

1 

Major 

Shoulder 

Sprain/Stnin 

Contueion 

Fracture 

1 

Minimal 

Spinel  Cord 

T-12 

1 

1 

Mgjor 

Major 

Thorax 

Spnin/Stnin 

1 

Minor 

7.  Descent 

Anatomical  Part 

IhJwy  Type 

Nmuber  of 
laiurim 

CaUfory 

Face 

Bum  2nd  Degree 

1 

Major 

Hand 

Bum  2nd  Degree 

1 

Major 

Neck 

Bum  2nd  Degree 

1 

Major 

T-03 

Fracture 

1 

Major 

2-3 

00/1 

00/1 

1/00 

00/1 

00/1 

00/1 

00/00 

1/00 

1/00 

3 

2-3 

00/00 


A1S 


GftOUND  ENCOUNTER 
AiMoakil  Part  lajary  Type 


Nwbvof 

I4«rtm 


AAkU 

Ankle 

Ankle 

Ankle 

Ann  Upper 

Beck 

Beck 

Body 

Body 

Body 

Body 

Body 

Body 

Body 

Breln 

C-01 

C-02 

C-07 

Face 

Femur 

Fibula 

Finger 

Finger 

Foot 

Heed 

Heed 

Humane 

Kidney 

Knee 

Knee 

Knee 

Knee 

Knee 

U)l 

L-01 

L-02 

L-02 

L-03 

U)5 

Leg  Lower 
Leg  Upper 


Fracture 

Spnin/Stnin 

Spnin/Stnin 

Sprain/ 3 'rain 

Spnin/Stnin 

Sprain/Strain 

Sprain/Stnin 

Dehydration 

Heatstroke 

Hemorrhege/Shoc  k 

Hypothermia 

Hypothermia 

Hypothermia 

Starvation 

Amneeia 

Sprain/Strain 

Fracture 

Sprain/Strain 

Aephyxia 

Fracture 

Fracture 

Avulsion 

Fracture 

Sprain/Strain 

Concueeion 

Concuaaion 

Fracture 

Contueion 

Hemanhroeie 

Sprain/Strain 

Sprain/Strain 

Sprain/Strain 

Tear 

Fracture 

Unknown 

Fracture 

Sprein/llrein 

Fracture 

Sprain/Strain 

Fracture 

Fracture 


J4*ry 


M^jor 

M^jof 

Minor 

Minimal 

Minimal 

Minor 

Minimal 

Minor 


M^lor 

Ms,  or 

M^or 

Major 

Minor 

Minimal 

MqJor 

M%or 

Me  or 

Major 

Minima) 

M^jor 

Minimal 

Major 

Major 


2*3 

2*3 

00 

2/00 

2/00 

2/00 

2 

2*3 

9 

2-3 

00/1 

2*3 

00/1 

2-3 

3 


S.  GlOUra)  ENCOUNTER  •  CONT'D 
Antoadcal  Part  I^jary  Type 


Number  of  Injury 
Injuries  Category 


Lung 

Neck 

Neck 

PetvU 

Riba 

Rib* 

Rib* 

Sacroiliac 

Sacrum 

Sacrum 

Shoulder 


T-Ol 

T-02 

T-02 

T-03 


Contueion 
Pneumothorax 
Spraia/Streln 
Sprain/Strain 
Fracture 
Dialocatioo 
Dialocatioo 
Fracture 
Fracture 
Fracture 
Sprain/ Strain 
Sprala/Straln 
Sprain/Stnin 
Fracture 
Fracture 
Fracture 
Fracture 


Minor 

M^jor 

Minor 


M^for 
M^or 
MeJor 
Minor 
Meior 
Major 
Minimal 
Minor 
Minima) 
Ma> 


w 

T-03 

Fracture 

3 

mzsm 

1 

T-03 

Hemetome 

1 

1 

T-04 

Fracture 

1 

2523 

1 

T-04 

Fracture 

4 

Major 

2-3 

T-04 

Hemetome 

1 

Major 

T-04  Cord  btf 

Fracture/Cootua 

1 

Major 

T-05 

Fracture 

6 

Major 

AIS 

T-06 

Fracture 

7 

M 4* 

Range 

T-07 

Fracture 

1 

Muor 

T-07 

Fracture 

3 

missm 

2-3 

T-0S 

Fracture 

2 

1/00 

T-OS 

Spnin/Stnin 

1 

Minimal 

1/00 

T-09 

Fracture 

4 

Muor 

1/00 

T-10 

Fracture 

1 

Major 

1/00 

T-12 

Fracture 

3 

Major 

00/1 

Thorax 

Spnin/Stnin 

1 

Minimal 

00/1 

Tibia 

Fracture 

1 

Major 

00 

Wriat 

Fracture 

1 

Major 

1 

Major 

00 

1 

Major 

9/00 

4 

Major 

1*5 

f.  UNKNOWN 

3 

Minor 

1-5 

NmuNr  a: 

U|wy 

1 

Minimal 

1-5 

Anatomical  Pert 

Typt 

lajurim 

Caugwy 

1 

Minor 

00 

1 

Minor 

2-3 

Arm  Upper 

Fracture 

1 

Major 

2 

Minimal 

00/ 1 

Back 

Spnin/Sirain 

2 

Minor 

1 

Major 

2-3 

Body 

HemorThage/Shoek 

1 

Major 

1 

Minina! 

00/1 

Brein 

Amnesia 

1 

Minor 

1 

Major 

00 

L-02 

Fractura 

1 

Major 

1 

Major 

3 

Neck 

Bum  2nd  Degree 

1 

Minimal 

2 

Major 

2 

Neck 

Sprain/SuaLn 

1 

Minor 

1 

Minor 

1-2 

Neck 

Spnin/Stnin 

1 

Minimal 

1 

Minor 

1 

Riba 

Fracture 

1 

Major 

Minor 

1/00 

Sacroiliac 

Spnin/Stnin 

1 

Minimal 

2 

Major 

2 

Thumb 

Avulsion 

1 

Minor 

1 

Minor 

2 

A1S 

Range 

3-4 

00*5 

00/1 

00/1 

2-3 

00 

00 

2-5 

3 

2-3 

00/00 

1/00 

1/00 

2*3 

2*3 

2*3 

2-3 

2*3 

00 

2-3 

2-3 

00 

3 

2-3 

2-3 

2-3 

2-3 

2*3 

00/1 

2*3 

2*3 

2*3 

00/00 

2-3 

2-3 


AJS 


2-3 

00/1 

9/00 

2-3 

2-3 

1 

00/1 

00/1 

2-5 

00/00 

1-2 
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S.  The  existing  data  base  has  been  evaluated  for  significant  injury  causation  and  the  preliminary 
results  are  presented  here.  It  contains  much  other  data,  including  injury  causing  agent  and 
action  information  and  situational  data  such  as  ejection  airspeed  and  altitude.  Some  of  the 
preliminary  findings  will  have  importance  to  future  design  of  escape  systems,  such  as  the 
information  that  50%  of  all  ejections  took  place  at  or  below  1800  feet  (above  ground  level) 
and  nearly  28%  occurred  at  500  feet  or  below.  33.6%  of  pre-ACES  II  ejections  occurred  at 
200  knots  or  less  and  73.5%  were  at  300  knots  or  less.  There  were  8  open  seat  ejections 
from  pre-ACES  II  ejection  scat  equipped  aircraft  at  speeds  between  500  to  650  knots.  There 
were  3  fatalities  and  5  survivors  sustaining  1  minor  and  4  major  injury  sets.  There  were  4 
crewmembers  ejected  in  two  F-l  1 1  modules,  one  at  500  knots  with  two  fatalities  and  the  other 
at  652  knots  with  2  survivors  sustaining  minimal  and  major  injury  sets.  Sixty-five  percent  of 
ACES  II  ejections  were  at  200  knots  airspeed  or  below  and  nearly  88%  of  these  ejections  were 
at  300  knots  or  less.  Only  5  ACES  II  ejections  took  place  at  speeds  of  500  knots  or  greater 
with  two  at  500-510  knots  survived  with  minor  injuries  and  three  at  600-700  knots  that 
resulted  in  fatalities. 


6.  Considerations  -  There  appears  to  be  a  clear  difference  in  the  production  of  certain  types 
of  injuries  caused  by  ground  impact  and  windblast  at  levels  that  were  unsurvivable.  Head, 
neck  and  spine  (not  including  compression  fractures),  upper  leg  and  peivis  fractures  tended 
to  be  produced  by  severe  impact  or  windblast  exposure.  Other  injuries  were  associated  with 
exposures  to  forces  at  more  survivable  levels,  and  while  there  was  overlap  (i.e.,  compression 
fractures  of  the  thoracic  spine  caused  during  ejection  of  a  crewmember  later  killed  on  ground 
impact),  the  data  offers  the  opportunity  to  instrument  ADAM  for  Injury  Causation  Analysis 
at  two  levels. 


Option  A.  Full  assessment  of  the  entire  range  of  possible  injury  causation  forces,  even 
at  supra-lethal  levels.  This  would  include  detection  of  pelvic  fracture  potentials,  heart 
lacerations,  brain  injury  and  skull  fracture  potentials. 

Option  B.  Assessment  of  injury  causation  forces  at  a  level  up  to  those  most  serious 
injuries  that  were  survivable  plus  some  means  of  assessing  when  those  levels  had  been 
surpassed.  An  example  proposition  follows,  based  on  the  most  common  serious  injuries 
or  defined  above,  excluding  the  126  fatalities. 
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Suggested  Insi 


•IMIIHIU'MWI 


for  Measurement’ 


Head  - 

Cervical  and  Thoracolumbar  Spine  - 

SbfiUldfil  - 


Upper  Arm  - 
Lower  Arm  - 
Elbow  - 
Ihcrax  ■ 

Upper  Leg  - 
Knee  - 

Lower  Leg  * 

Ankle  * 


acceleration  profile. 

compressive  and  shear  (translational)  forces  - 
additionally  should  also  record  bending  forces 
and  limits  of  experienced  kinematic  response. 

impact  and  distractive  forces 

limits  of  experienced  kinematic  response  and 
forces 

bone  shaft  bending  forces 

bone  shaft  bending  forces 

kinematic  response 

acceleration  profile 

bone  shaft  bending  forces 

kinematic  response  and  bending  forces 

bone  shaft  bending  forces 

kinematic  response,  compressive  and  bending 
forces 


239 


Appendix  C  -  Data  Requirements  and  Sensors 
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Appendix  C  -  Data  Requirements  and  Sensors 


» 
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C  >  d^a  BaouoMro  scnkms  Ti’P^0W0<. 


Appendix  C  -  Data  Requirements  and  Sensors 
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Parameters  external  to 


APPENDIX  D  -  Derivation  op  Six  Degree-of-Freedom  Equations  for  the  Head 


Introduction 

A  formulation  of  the  dynamics  of  a  six  degree-of-freedom  spring-damper  system  subjected  to 
a  time-varying  acceleration  profile  is  used  to  construct  a  lumped  parameter  translational  and 
rotational  strain  function  as  a  model  for  head  injury.  This  system  is  comprised  of  a  mass 
coupled  via  a  series  of  spring-damper  systems  in  each  of  the  translational  and  rotational  axes  to 
a  single  "input"  point.  A  sketch  of  the  system  considered  is  shown  in  Figure  D-l.  To  excite 
the  model,  the  input  point  is  then  subjected  to  a  known  set  of  input  accelerations  and  the 
response  of  the  mass  provides  the  amount  of  strain  introduced  into  the  system.  This  strain  is 
proposed  as  a  basis  for  an  injury  criterion  for  the  human  head  exposed  to  an  arbitrary  impact 
acceleration  profile. 

Derivation  of  System  Dynamics 


The  equations  of  motion  are  developed  herein  using  the  Lagrangian  method 

dt  dq  dq  dq  dq 

where  q  is  the  generalized  coordinate  vector  with  components 

q=[ *,  Zy  6  4>  t|r]r  ;  q=[xt  y,  z,  6  < t>  ty]T 


[l] 


[2] 


Each  coordinate  is  defined  in  a  following  section. 

Kinetic  Energy  Expression 

The  system  kinetic  energy  (T)  is  expressed  as: 

T=±fjy0+Qxp)iv0+C!>xp)dm  [3] 

where  v  is  the  translational  velocity  vector  and  w  (angular  velocity)  x  ~p  (position  vector  of 
system  mass  center  from  a  rotating  reference  frame)  is  the  translational  velocity  relative  to  a 
rotating  frame  of  reference.  This  simplifies  to: 

T={Mvo+{V,ul+l,u2y+ltu*-21riatut-2laaMur2Iytuyu>z]  [4] 


where  M  is  the  body  segment  mass  and  Iy  are  the  moments  of  inertia  about  the  ij  axis. 


243 


Potential  Energy  Expession 


The  potential  energy  (V)  expression  for  the  system  is 

f)  +±<3-u  -,o  *  PHy,  *1^,)  [5] 

Where  /  is  [0  \p  <t>]  and  K  is  the  spring  constant  vector  for  the  three  translational  axes,  G  is  the 
spring  constant  vector  for  the  three  rotational  axes,  p  is  defined  as  above,  and  £  is  a 
transformation  defined  later.  This  equation  accounts  for  the  energy  storage  capacity  in  each 
degree-of-freedom  as  well  as  the  gravitational  potential. 


Non-Conservative  Forces 

The  energy  of  the  viscous  damping  losses  (F)  is  accounted  for  by  the  following  expression 

F-iC/tt+Q.xfl+iC'-M-'Q  (6] 


where  CT  and  CR  represent  the  translational  axis  viscou$_damping  characteristics  and  the 
rotational  axis  viscous  damping  characteristics  respectively,  p  is  defined  as  above,  and  0,,  0, 
and  a  are  defined  later. 


System  Kinematics 

To  describe  the  motion  of  the  system,  let  one  Cartesian  axis  system  be  attached  to  the  mass 
center  (let  this  be  X,  Y,  Z),  another  to  the  point  P  (X,,  Y,,  Z,),  and  a  system  X2,  Y2,  Zj  be 
regarded  as  inertial  as  shown  in  Figure  D-2.  Let  ft,  represent  the  angular  velocity  of  the 
X,,Y,,Z,  frame  relative  to  X2,  Y2,  Z^  Write  components  of  0,  along  X„  Y,,  Z,  as  0u,0Iy,0,t. 
Take  ft  as  the  angular  velocity  of  the  X,Y,Z  frame  relative  to  X,,  Y,,  Z,  with  components  ft,, 
fty,  ft,  along  the  body-fixed  X,Y,Z  axes.  The  orientation  of  X,,  Y,,  Z,  with  respect  to  inertial 
space  is  determined  by  the  Euler  angles  6,,^,,4>,  as  shown  in  Figure  D-2,  and  that  of  the  body 
relative  to  P  by  0,  4>.  From  this  we  can  see  that  the  angular  velocities  may  be  expressed 

using  Euler  angles  as 

Qix=4>r1'ismei 

Q,y=d,-i|f1cos01sin<t>,  ^ 

Q  u = ,cos0  ,cos<t> ,  -  6 1sin<$> , 

for  P  and  likewise, 
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Qx=<i>-i|fsin0 
Qy=d-4fcos0sin4> 
Qzs^cos6cos4>  -6sin4> 


[8] 


for  the  body.  Given  this,  then  the  angular  velocity  u  of  the  body  relative  to  inertial  space  is 
given  by 


t3=U«[a]Ut 


[9] 


where  [a]  is  the  transformation  matrix  between  (X,  Y,  Z)  and  (X,,  Y,,  Z,)  described  by 


[«]  = 


«1I 

«12 

«I3 

«21 

®22 

a23 

«31 

a32 

«33 

[10] 


ar.d  a,,,  a12,  at],  etc.  are  given  by  the  following  expressions 

aI2scos6sini|r 

a13=-siii0 

a21  =  -cos<)>smt|r  +sin4>sin0cos\Jr 
a22=cos4>cos\Jf  +sin4>sin0sin4r 

a23=sin<t>cos0  [11] 

a31  =sin4>sint)r  +cos<t>sin0cos\|f 
a  32= -sin4>cos4r  +cos<i>smdsin\|r 
«33=cos4>cos0 


Define  the  velocity  of  P  with  respect  to  inertial  space  (X2,  Y2,  Zj)  as  u .  Thus,  we  have  the 
linear  velocity  of  P  with  respect  to  inertial  space,  along  the  instantaneous  Xt,  Y,,  Z,  axes, 
expressed  as 


*=lP]v2 


[12] 


where  0„  »  etc.,  and  v2  =  [x2  y2 

z JT.  The  inertial  velocity  of  the  body  along  the  instantaneous  X,,  Y,,  Z,  axes  is 
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v=«+Qkxp 


[13] 


Thus,  v02  as  it  appears  in  the  kinetic  energy  equation  is 

2  2  2.2 
Vo  =vx  +vy  +V, 


[14] 


Now  inserting  the  velocities  into  the  kinetic  energy  equation  we  have 

/  \ 


T  =  T 


time  derivatives 


[15] 


\  / 

But,  assuming  that  the  motions  of  P  are  known,  then  x2,  y2,  z2,  0,,  \f/ ,,  and  <£,  are  known 
functions  of  time.  Hence  T  can  be  reduced  to 


[16] 


which  contains  only  coordinates  of  the  body  of  interest.  The  equations  of  motion  now  follow 
quickly  from  an  application  of  Lagrange's  equation  by  evaluating  (1)  using  (3),  (4),  (5),  (8),  and 

(13). 

Example 

An  example  set  of  the  equations  of  motion  for  two  axes,  one  translational  (x-axis)  and  one 
rotational  (pitch  (6)  axis),  is  shown  below.  For  this  case  the  generalized  coordinates  are 

q=[x ,  Gf  ;  ?=[*i  Q]r  [17] 


This  results  in  the  following  equation  for  the  x-axis 

-yiaz*iia,*ai,a^itax,  V> "  °‘,x‘ ' 

*Mgfi3l  *C/x,  *  0,  z,  =0 

and  for  the  pitch  axis 


[18] 
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[(/ycos4> +/fsin<t>)26 + [(/t  -/y)siii4>co84>  +0  -2sin24>)/>z]6<j) 

=[/y(  ■  ^  1^21  “  Q  1^2)  “  ^  l,a22  "  ®  1,*22  "  ^  l,a23  “ 

+/y(  -  ^rcos0sin4> + ^  dsin0sin4>  -  \|/  <i>cos0cos4>) 
+/vr(^cos6cos<t>  -  TjrdsinOco^tJ)  -  ^4>cos0sin4>) 

7* 

njj+Q.dj^^uJcos* 

+[/Jtt<i)jr-/t(\{rcos0cos^ -^6sin0cos$ -^<j>cos0sin4)) 

-/t(^lfa3l'Ql«31+6i7a32  +  QI,«32  +  (:ilta33+Ql,i33) 
+y-^l,a2l“^l,®2l"^l,a22"^l,*22_^lta23-^  1,A23) 

-lyS^c  °s0sm<J)  -  \Jf6sin0sin4> + i|r<^cos6cos<t>)](  -sin<t>) 
-(JyUy-IxyU,  '/*<■>*)(  "4>  sin4>) 

-(/tW,  "ZyjWyX  "4>COS4>) 

+(/,«, -/^Qy- */«<•>,)( -iJfcosO  -  0  ^sinOcostlr 

♦  Q.  sin6sint|r-Q,  cos0) 

7  t 

+(/  (0  -/  «.-/*-<•>  .X-^smOsinifr+Q.  sin4>cos0cosij/ +Q,  sin<t>cos0sin^ 

-Q,  sin<t>sin6) 


+(/lwt-/aiwx  -/^WyK  -  ijisin0cos<t> + Q  ,cos4>co80cosvj» 


+Q.  cos<t>cos6sini|r-Q.  cos4>sin0) 

ly  i, 


<?,r[er'Q 


[19] 


These  equations,  along  with  the  remaining  four  degrees-of-freedom,  represent  a  set  of 
simultaneous  non-linear  coupled  differential  equations  that  describe  the  motion  of  a  body 
segment  undergoing  a  known  set  of  accelerations  that  are  applied  by  a  spring-damper  system 
through  each  degree-of-freedom.  This  equation  set  can  be  systematically  solved  in  its  present 
form  or  linearized  using  small  perturbation  theory.  The  constant  coefficients  can  be  found  in 
either  of  two  ways: 

1)  Axial  and  torsional  damping  and  spring  coefficients  for  each  axis  to  be  found  in 
the  literature  or  by  experiment;  or 

2)  Reduction  of  problem  to  one  of  a  Normal- mode  vibrational  problem  involving 
system  mode  shapes  and  then  a  search  for  damping  and  natural  frequency  data  in 
the  literature. 
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Figure  D-l 
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